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Abstract
The International Civil Aviation Organization is considering the use of cost-
benefit analyses to estimate interdependencies between the industry costs and the major
environmental impacts in policy-making for aviation. To contribute to addressing the
needs of the international policy-making community, we propose a reduced-order model
to estimate the health impacts of aviation-related air pollution. The model follows an
impact pathway approach based on a review of the best practices for air quality policy-
making in Europe and the United States. This model is used to develop the Air Quality
Module within the Benefits Valuation Block of the Aviation Environmental Portfolio
Management Tool.
The air quality modeling relies on the intake fraction concept to relate airport-by-
airport emissions of particulate matter and particulate matter precursors to the nationwide
population exposure to ambient PM 2 .5 . The current modeling capabilities focus on the
analysis of the health impacts of aviation in the United States to determine high-priority
pollutants and to prioritize model improvements. We show that the health impacts from
non-PM pollutants such as ozone are small (4% to 8% of the total aviation-related health
impacts). Using emissions inventories from the Federal Aviation Administration tool
AEDT/SAGE for the United States in 2005, we estimate PM-related health costs of $1.7
billion per year with a 95% confidence interval ranging from $0.25 to $4.3 billion per
year. The costs are dominated by premature mortality estimated at 310 deaths per year
(95% CI: 120 - 610 deaths per year). This represents a small fraction (approximately
0.1%) of the total health impacts from anthropogenic air pollution in the United States.
Secondary nitrates dominate the impacts and account for 62% of the costs compared to
15% for primary PM exposure and 23% for secondary sulfates. However, the relative
contribution of the species depends on the local air composition. While the estimated
health impacts in 60% of U.S. counties are dominated by contributions from secondary
nitrate PM, in 3% of the counties the impacts are dominated by primary PM, and in 37%
of the counties the majority of the health impacts are from secondary sulfate PM. Further,
most of the health impacts are associated with the emissions at a few major airports.
Using alternative aviation growth scenarios covering a factor of four ranges of growth
rates, we show that under the current regulatory framework and technology levels, the
major patterns of the aviation impacts on air quality (contributions of each species and
geography) remain the same.
Thesis Supervisor: Ian Anton Waitz
Title: Jerome C. Hunsaker Professor of Aeronautics and Astronautics
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Chapter 1
Introduction
The aviation industry is growing; world traffic demand is expected to grow at an
annual rate of 5% over the next 20 years [Boeing, 2006]. Passenger demand is growing
even more rapidly in some regions like China, where growth is expected to reach almost
9%. Sustainable development of the industry requires a full assessment of the
environmental impacts of aviation, from global to more local scales. From a global
perspective, aircraft pollution contributes to climate change. Emissions of green house
gases such as CO 2 induce a positive radiative forcing that has long lasting warming
effects on a global scale ([IPCC, 1999], [Marais et al., 2007]). Other short-term effects
due to cirrus formation, contrails, particles and nitrogen oxides (NOx) emissions
contribute to the global warming effect of aviation. On a more local scale, the noise
generated by aircraft activity around airports needs to be accounted for in the assessment
of the environmental impacts of aircraft activity. Noise impacts the communities living
around airports in various ways. Houses in the vicinity of an airport may be a less
valuable capital asset than similar houses in a quiet area. The depreciation of the housing
capital in relation to the noise level has been documented in several hedonic valuation
studies ([Schipper et al., 1998], [Nelson, 2004]). Other effects such as sleep disruption,
speech interference or adverse effect on learning at schools are related to the noise levels
around an airport ([Eagan et al., 2006]).On an intermediate geographical scale, air quality
pollution resulting from emissions generated by aviation activity represents the third
pathway of environmental impacts from aviation. Airport activity, including aircraft,
induced traffic, ground support equipment, and other sources have emissions that have
been found to be related with public health issues, including cases of premature mortality
due to the exposure to particulate matter and other pollutants ([US EPA, 2005], [US EPA,
2006a], [European Commission, 2005]).
Understanding how these environmental impacts intertwine and how they will
evolve in the future is crucial in defining effective environmental policies and ensuring
sustainable development of the aviation industry.
1.1. Evolution in decision-making processes
The Committee for Aviation and Environmental Protection (CAEP), a sub-group
of the International Civil Aviation Organization (ICAO), meets in formal meetings every
three years to assist ICAO in the formulation of new environmental policies. The last
meeting, CAEP/7, was held in February 2007. During the sixth meeting held in February
2004 (CAEP/6), the Committee defined a set of recommendations for methodological
improvements regarding the decision-making process. In particular, CAEP recognized
that interdependencies between the major environmental impacts (climate change, air
quality and noise impacts) should be considered in the analysis of different policy options
([CAEP, 2004a]).
The current practices regarding the analysis and the comparison of policy options
rely on Cost-Effectiveness Analysis (CEA). CEA metrics allow for separate analyses of
different environmental impacts. For example, Figure 1 shows how the CEA provides the
cost per ton of NOx for each policy option, i.e. the ratio of the cost of implementing the
policy versus the mass of NOx emissions reduced ([CAEP, 2004b]). Additionally, the
number of people impacted by aircraft noise can be computed for each policy option.
However, those different metrics and units do not allow for assessing the
interdependencies that exist between, for example, local air quality impacts of NOx and
noise.
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Figure 1: Cost-effectiveness estimates (2002-2020) for the NOx stringency options studied in CAEP/6
On the other hand, Cost-Benefits Analysis (CBA) would allow for comparative
analysis of different environmental impacts. If different environmental endpoints such as
noise impacts and climate change contribution are expressed in similar units, this will
help better inform policy-makers by allowing them to assess the interdependencies.
1.2. The Aviation Environmental Portfolio Management Tool
(APMT)
Development of tools allowing for Cost - Benefits Analysis (CBA) of different
policy options is crucial to better inform the decision process in organizations such as
CAEP. The efforts concentrating on the development of the Aviation environmental
Portfolio Management Tool ([Waitz et al., 2006a]) aim at answering this need by
providing policy-makers with a suite of tools that will allow them to compare both the
economic costs of a policy option as well as the associated environmental benefits on a
common ground.
The short-term goal of APMT is to develop "capabilities of benefits-cost
analysis within the primary aviation markets. These capabilities should include
monetization of environmental benefits and partial equilibrium modeling of the
consumers and producers in the primary market". The tool architecture presented in
Figure 2 shows how these capabilities are articulated within the APMT.
Policy and
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Figure 2: Aviation Environmental Portfolio Management Tool architecture
The Partial Equilibrium Block (PEB) is designed to receive as input the policy
and aviation scenario. Based on the chosen policy option, the PEB generates passenger
demand and airline supply scenarios for the timeframe on which the policy is considered.
The Environmental Design Space (EDS) provides the PEB with new aircraft designs that
aircraft manufacturer may produce to answer a specific needs created by the new policy.
Based on current technology trade-offs (e.g. noise vs. NOx emissions), EDS computes an
optimum engine-airframe combination to answer some objective function (e.g.
minimizing the manufacturing costs) while satisfying engineering and physical
constraints. These new designs are output to the PEB which computes the industry costs
associated with the policy implementation. Concurrently, detailed demand projections by
route are generated and used as input to the Aviation Environmental Design Tool
(AEDT). Based on these schedules, the AEDT computes the emissions and noise
I
footprints for every flight in the schedule. This provides detailed inventories of noise and
emissions that are subsequently used in the Benefits Valuation Block (BVB) to estimate
the environmental damages of aviation activity from climate change, noise and local air
quality impact perspectives. Several metrics are used in the environmental impact
estimation process. Each part of the BVB (climate, noise and LAQ) is articulated along
an "impact pathway". The AEDT inventories are first used to compute non-monetary
metrics, which include variation in globally-averaged temperature for climate, number of
people within the 55 DNL-dB contours for noise, or variations in annual average
particulate matter concentration for the air quality. In order to provide useful input to the
policy-maker that can be used in a costs-benefits analysis, each of the impact pathways
ends by a monetization step where some of the non-monetary metrics are translated into
dollars.
The work presented in this thesis focuses on the development of the local air
quality part of the Benefits Valuation Block (BV-LAQ) and presents the results obtained
regarding the impacts of aviation on air quality in the United States, the relative
contribution of different pollutants and the future trends in LAQ impacts of aviation.

Chapter 2
Literature Review
This chapter describes the current best practices regarding the analysis of public
health impacts resulting from air pollution. Background information relative to the
impacts of air pollution on public health is first presented. Then, the best practices in
policy-making relative to air pollution are described. Review of European Commission
and United States Environmental Protection Agency (U.S. EPA) methodologies for
health impact assessment provides the basis for the development of a framework for
policy-making analyses in aviation.
2.1. Public health issues related to air pollution
From on-road vehicles to power generating units, human activity is a large source
of emissions of air pollutants. Depending on the source, the pollutant mix differs in
quantity and composition. However, the main pollutants that need to be considered from
an air quality risk assessment perspective are the same across different sources of
pollution.
Under the Clean Air Act, the U.S. EPA defined the major pollutants as "criteria
pollutants". They include carbon monoxide, lead, sulfur dioxide, nitrogen dioxide and
particulate matter. Those species are referred to as primary pollutants because they are
directly emitted by the source.
Ozone is the sixth criteria pollutant in the U.S. EPA classification. It differs from
the five previously cited as it is a secondary pollutant. Ozone is not directly emitted in the
atmosphere by the common sources of pollution (engines, power plants...) and is a
product of the reaction of the primary pollutants with the background atmospheric
compounds.
The remaining of this section focuses on each of the criteria pollutants and their
relationship with public health risk assessment.
2.1.1. Particulate matter (PM)
Unlike the five other criteria pollutants, PM is not a defined chemical species but
rather a mixture of species with different sizes and composition. It includes dust, dirt,
soot, smoke and liquid droplets directly emitted into the air by sources such as factories,
power plants, cars, construction activity, fires and natural windblown dust. Extensive
information about the physical, chemical and thermodynamical properties of PM can be
found in the EPA Criteria Document on Particulate Matter ([US EPA, 2004a]).
Particulate matter can be both a primary and a secondary pollutant. In the case of
aircraft engines, volatile and non-volatile particles (and non-volatile particles coated with
volatile substances) have been shown to be formed in the exhaust ([CAEP, 2006]). These
particles are therefore considered as primary PM. Additionally, sulfur and nitrate oxides
emitted by the engine are precursors to secondary PM. Once emitted, they mix in the
atmosphere and continue to react downwind to form secondary particles such as
ammonium sulfates and ammonium nitrates ([Greco et al., 2007]) which have been
shown to significantly contribute to the health impacts of PM.
PM is usually classified by size. Particles with aerodynamic diameter less than
10tm are referred to as PMo10. Similarly, particles with aerodynamic diameter less than
2.5pm are referred to as PM2.5. In the case of aircraft emissions, particles emitted have a
size distribution such as they can be considered as PM 2.5 ([Holve and Chapman, 2005]).
The results of the APEX study presented by Holve and Chapman showed that the mean
aerodynamic diameter is typically 0.04 gm.
PM-related health effects are related to the deposition of particles in the lungs and
the degradation of lung tissues. Diffusion of particles in the blood stream through the
gaseous exchange between air and blood is believed to be related with the cardiovascular
effects of PM ([US EPA, 2004a]). Smaller particles can deposit deeper in the lungs and
have been shown to have stronger health impacts (European Commission, 2005]). The
correlation between exposure to particulate matter and adverse health effects is well-
established. A strong body of literature relates PM chronic exposure to various mortality
and morbidity endpoints ([Pope and Dockery, 2006], [US EPA, 2006a]). Morbidity
endpoints include new cases of chronic bronchitis, aggravation of existing respiratory and
cardiovascular disease, as well as school or work days lost.
2.1.2. Nitrogen oxides (NOx)
Nitrogen oxides are gases emitted primarily when fuel is burned at high
temperature. There is only limited scientific evidence establishing a direct link between
NOx and adverse health effects (European Commission, 2005]). Potential direct impacts
of NOx are not included in most public health risk assessment ([US EPA, 2004b], [US
EPA, 2007] in the United States; [EU, 2005], [Waktiss et al., 2005] in Europe). However,
NOx emissions control options are often considered in air quality policy designs. For
example, during the 6th meeting of the CAEP, NOx stringency options were investigated
([CAEP, 2004b]). Also, NO 2 levels are regulated in countries such as the United
Kingdom. These NOx control policies are used because of the role NOx plays as a
precursor to both ozone and secondary PM, which have been proven to have direct health
effects. NOx is a key component of the ozone photochemical formation cycle. For
example, the 03 formation pathway is highly dependent on the relative importance of
NOx and volatile organic compounds (VOC) in the background atmosphere ([US EPA,
2006b]). Nitrogen oxides emissions also affect the levels of particulate matter through the
formation of nitrates particles and acid aerosols.
2.1.3. Sulfur oxides
Sulfur oxides (SOx) are gases emitted when fuels containing sulfur are burned.
Public health risk assessments generally do not include direct impacts of sulfur oxides.
As for NOx, there is little evidence of such direct effects. However, SOx emissions play a
central role in air quality pollution, as sulfur oxides are precursors to particulate matter.
When sulfur oxide gases are emitted, they easily dissolve in water vapor to produce
sulfuric acid that can nucleate with water and form volatile particles ([Lukachko et al.,
2005]). SOx, can also react with other gaseous species to form sulfates and other forms of
particles that may be harmful to human health.
2.1.4. Ozone (03)
Ozone is not directly emitted by the major sources of pollutants. However,
primary pollutants such as NOx, volatile organic compound or carbon monoxide are part
of the photochemical cycle that results in the formation of tropospheric ozone (the ozone
that forms in the lowest atmospheric layer where it can be breathed and adversely affect
human health).
The fact that ozone may adversely impact human health is widely accepted and
accounted for in the best practices for policy-making on air quality ([European
Commission, 2005], [US EPA, 2005]). Ozone and PM are believed to be the largest
contributors to health impacts of air pollution from sources such as diesel engines or
power plants ([US EPA, 2004b]). However, debates are still going on regarding how and
in what proportions ozone affects human health, specifically in terms of mortality
impacts. Recent epidemiological studies ([Anderson et al., 2004]) have reported a
correlation between acute exposure to ozone and increase in mortality. However, the US
EPA does not yet account for mortality impacts of ozone in its latest Regulatory Impact
Analyses (RIA) such as the Locomotive and Marine Engine rule ([US EPA, 2007]).
2.1.5. Carbon monoxide
Carbon monoxide (CO) is a product of the incomplete burning of carbon
compounds in fuels.
Although the health effects of accidental exposure to carbon monoxide are well-
known, the EPA Criteria Document on Carbon Monoxide ([US EPA, 2000]) did not
report any significant relationship between ambient population exposure to carbon
monoxide and adverse health effects. CO is not included in the reviewed health impact
analyses.
2.1.6. Lead
Lead (Pb) is a metal emitted by industrial activity. Airborne lead contributes to air
quality issues and adversely impacts human health. The EPA Criteria Document for Lead
([US EPA, 2006c]) describes the various Pb-related health effects and the trends in lead
content in air. Due to the current low concentrations of airborne Pb and the low level of
emissions from fuel burning sources such as engines, airborne Pb-health effects are not
included in the reviewed literature of air quality benefits analysis.
2.2. Review of best practices for air pollution health impact analysis
2.2.1. General methodology for health impact analysis
Health impacts assessments of air quality pollution follow an "impact pathway
analysis". The framework presented in Figure 3 describes the general methodology for
public health risk assessment.
Air Quality
modeling
Dose-RlsponseFunctions
Health aoints
unit values
Air Qualit
modeling
Aa. . Aambient concentration health incidence cost 1health costs = Aemissions x x x
Aemissions Aambient concentration x health incidence
Figure 3: Generic Impact Pathway for Health Impact Assessment of Air Pollution
The first step of the analysis is to model the pollutant emissions under each
scenario considered. For example in the Clean Air Inter-state Rule ([US EPA, 2004b]),
the EPA estimated the benefits of the proposed rule in terms of SOx and NOx emissions
compared to a baseline situation where the rule is not enforced. Using air quality
modeling, the benefits of the rule in terms of changes in ambient pollutant concentrations
(for particulate matter, ozone...) are assessed. This step often relies on high-fidelity air
Air Quality_
modeling
quality simulation tools such as CMAQ 1. However, high-fidelity tools are
computationally-intensive to run and not practical for iterative policy-assessment
processes. In this case, reduced-order models for air quality simulation should be used.
Once changes in ambient pollutant concentrations are obtained, dose-response
functions (DRF), or concentration-response functions (CRF), are used to link changes in
ambient concentrations to variations in incidence for the chosen health endpoints (e.g.
mortality, chronic bronchitis...). This calculation provides the "benefits" (positive or
negative) associated with the proposed policy in terms of number of cases avoided. More
details on the concentration-response functions are given in the next section.
The last step of the analysis is the monetization of the health benefits based on
values for the statistical incidence avoided.
This same general framework was used for the development of the Air Quality
module of the APMT-BV.
2.2.2. Best practices in Europe and the US
Environmental protection agencies throughout the world have been focusing on
air quality pollution from large sources of emissions such as on-road vehicles or power
generating units. Both the U.S. EPA and the European Commission perform cost-benefit
assessments of policy options regarding air pollution from these major sources. The
development of the Air Quality module in the APMT builds upon those existing best
practices. The following review of the European program ExternE and the US EPA tool
BenMAP provide the basis for the health impact analysis in APMT.
The Externalities for Energy research program (ExternE) started in 1991 as a
project headed by the European Commission. Its aim is to develop an integrative
framework to assess the environmental impacts of energy-production activities. Based on
this framework, policies (taxes) can be developed to internalize the environmental costs
and penalize the most environmentally damaging technologies. In particular, the impact
1 Community Multiscale Air Quality modeling system
pathway approach described in the ExternE methodology ([European Commission,
2005]) accounts for the air quality impacts of pollution and provides guidance for the
health impact assessment.
BenMAP (Environmental Benefits Mapping Program, [Abt Associates, 2005]) is
tool developed by Abt Associates Inc. for the United States Environmental Protection
Agency. It provides a flexible framework for performing health impact analyses and
valuation. This is the tool used by EPA in its environmental benefits analyses. The
BenMAP documentation describes the best practices for deriving and choosing
concentration-response functions and valuation methods.
2.2.3. Deriving Concentration-Response Functions
Concentration-Response Functions provide an analytical relationship between
pollutant concentration and adverse health effects. Epidemiological studies often report
the relative risk (RR), defined as the ratio of incidence observed at two different levels of
exposure. Sometimes, researchers report the Odds Ratio. The mathematical definitions of
these variables are given below:
RR =Yo
yc
Odds Ratio= RR. 1- Y(
1-yo
Where yo and yc are the health effect incidences observed at two different levels of
exposure, from the baseline concentration Co to the control concentration C,.
The relative risk represents the percent change in endpoint incidence (e.g. number
of death) per unit incremental concentration of pollutant (e.g. per 10ýtg.m -3 PM10). For
most air pollution impacts, the limit of small effects can be assumed in which case the
odds ratio is approximately equal to the relative risk RR.
Epidemiological studies often provide relative risks or odds ratios and the CRF
must be derived from them. The methodology depends on the analytical form of the
function. The most widely used analytical models of CRF and their relationship to RR
and OR are summarized in Table 1.
Table 1: Analytical types of CR functions
Analytical C-R function Relative change Pollutant
Form coefficient
Linear y=a+yfC Ay = P AC P = yo(1- RR)
RR -AC
Log-linear Ln(y) = a + P3. C Ay = yo -(efAc - = Ln(RR)
AC
Logistic y = P{Occurence IX -P}
e Ln(Odds Ratio)
eX" Ln(Odds Ratio) = f 3 AC f C+ ex p AC
X: Vector of explanatory variables
fl: Vector of coefficients
2.2.4. Choosing Concentration-Response Functions
When assessing health impacts of air pollution, one must choose the health
endpoints to be considered in the analysis. CRF's are only derived for pollutants for
which strong evidence exist that they have an adverse health effect. Both in BenMAP and
ExternE, researchers chose to derive CRF's only for two criteria pollutants: particulate
matter and ozone. For each of these pollutants, a large epidemiological literature is
available and several health endpoints have been studied 2. The US and European
methodologies differ in that they consider different endpoints. Table 2 compares the
health endpoints considered in BenMAP and ExternE.
2 Commonly in the UK, local air quality policy regulates NO2 levels. Whereas NO 2 may have some direct
adverse health effects on people, these are expected to be small compared to PM and ozone direct effects.
However, regulating NO 2 levels does significantly impact local air quality and pollution health impacts as
NO 2 can be used as a surrogate for ultrafine PM 10 and PM 2.5 particulate matter ([Seaton and Dennekamp,
2003]).
Table 2: Health Endpoints included for HIA in BenMAP and ExternE
BenMAP
Chronic mortality, all cause
Chronic mortality, cardiopulmonary
Chronic morality, pulmonary
Infant mortality
Acute mortality, non-accidental
Acute mortality, chronic lung disease
Chronic Bronchitis
RHA, all respiratory
RHA, asthma
RHA, chronic lung disease
RHA, pneumonia
Hospital Admissions, all cardiovascular
Hospital Admissions, dysrhysthmia
Hospital Admissions, Congestive heart
failure
Hospital Admissions, Ischemic heart
disease
Emergency room visits, asthma
Acute bronchitis
Acute myocardial infection (heart attacks)
Any of 19 respiratory symptoms
Lower respiratory symptoms
Minor restricted activity days
School loss days, alls cause
School loss days, illness-related
Work loss days
Acute bronchitis, asthmap-related
Asthma attacks
Asthma exacerbation, cough
Asthma exacerbation, moderate or worse
Asthma exacerbation, one or more
symptoms
Asthma exacerbation, shortness of breath
Asthma exacerbation, wheeze
Upper respiratory symptoms
Particulate Matter
ExternE
Chronic mortality
Acute mortality
Infant mortality
Chronic bronchitis
RHA, all respiratory
Hospital Admissions, all cardiovascular
Respiratory symptoms in children
Restricted activity days
Minor restricted activity days
Work loss days
Lower respiratory symptoms (including
cough) in asthmatic adults (asthma
exacerbation)
Use of respiratory medication by
asthmatic people (asthma exacerberation)
Acute mortality
Respiratory symptoms in children
Minor restricted activity days
RHA, all respiratory
Use of respiratory medication by
asthmatic people (asthma exacerbation)
The breakdown in health endpoint is much finer in BenMAP. Moreover, a
detailed analysis of the BenMAP methodology shows that several CRF's are available for
each endpoint, with fine distinction between different groups of individuals ([Abt
Associates, 2005]). The ExternE group chose to consider more aggregated endpoints and
targeted populations, arguing that for time-series analysis (from which most CRF's for
acute health effects are derived), "the number of cases per day is not sufficiently large to
allow very fine distinctions" ([European Commission, 2005]).
The last step of the pathway analysis is the monetization of these health effects.
2.3. Valuation of health effects
2.3.1. Background Information - European and US methodologies
Valuation of adverse health effects of air pollution is achieved by estimating the
individuals' willingness-to-pay (WTP) to avoid a specific illness or death. As monetary
Ozone
Acute mortality
Chronic asthma
RHA, all respiratory
RHA, all asthma
RHA, chronic lung disease
RHA, pneumonia
Hospital Admissions, all cardiovascular
Hospital Admissions, dysrhysthmia
Emergency room visits, asthma
Any of 19 respiratory symptoms
Minor restricted activity days
School loss days, all cause
School loss days, illness-related
School loss days, respiratory illness-
related
Worker productivity
Asthma attacks
Asthma exacerbation, cough
Asthma exacerbation, shortness of breath
Asthma exacerbation, wheeze
valuation of damages is to account for all costs, market and non-market, the WTP can be
divided in two components:
* The market component: when an individual becomes ill, medical goods and
services are used to address the illness. This is measured by the cost of illness
(COI): it includes the total value of medical resources used as well as the value of
the lost productivity (individual's time lost as a result of the illness).
* The non-market component: through different methods (contingent valuation,
wage-risk...) scientists have tried to estimate the WTP of the individual, as well
as that of others, to avoid the pain and the suffering resulting from the illness.
The paragraphs below highlight the different valuation methods used in the US as
well as in Europe.
2.3.2. Mortality
The appropriate method to quantify mortality impact of air pollution is still under
discussion within the scientific and policy-making community. Different methodologies
are used in the US and in Europe. The classical approach has been to evaluate the number
of deaths associated with a particular reduction in air pollution and estimate the Value of
a Statistical Life (VSL) saved. VSL estimates are based on two different types of studies:
* Contingent valuation (CV) studies are based on surveys to directly solicit WTP
information from individuals.
* Wage-risk studies base WTP estimates on estimates of the additional
compensation demanded in the labor market for riskier jobs.
Life-years lost is an alternative measure of the mortality-related effect of
pollution. Rather than the number of premature death due to air pollution, one can use the
loss of life expectancy (LE) as an indicator for air pollution mortality. In that case,
monetary valuation relies on the value of a life year (VOLY). Most VOLY estimates are
still based on a conversion from VSL ([Rabl, 2002]).
One of the most common VSL estimates is based on the set of 26 peer-reviewed
studies presented in Table 3. Five of them are CV studies; the rest are based on wage-risk
estimates. Updated to 2000 dollars, this gives a unit value of $6.3 million. This is the unit
value used in BenMAP as well as in several past EPA's Regulatory Impact Analyses such
as the Section 812 Retrospective and Prospective Analyses of the Clean Air Act ([US
EPA, 1997], [US EPA, 1999]). However, the EPA moved from this estimate in its recent
analyses. The environmental benefits valuation process for the Clean Air Inter-State Rule
([US EPA, 2004b]) or the Locomotive and Marine Engines rule ([US EPA, 2007]) is
based on a mean VSL estimate of $5.5 million in 1999 dollars, with confidence interval
from $1 to $10 million.
The European approach for monetizing mortality impacts of air pollution has
evolved over the last few years. The ExternE Methodology 2005 Update provides an
overview of the best methods currently used in Europe. They recommend that evaluation
of VSL for air pollution regulation purposes should be based on CV studies rather than
market-studies (wage-risk). Also, the ExternE group has gathered evidence to show that
VSL is not the appropriate method to quantify the mortality impacts of air pollution and
the Methodology Report suggests that the VOLY should be used instead. At the time
being, most VOLY estimates are based on conversion from VSL ([Rabl, 2002]) but "the
project team committed to undertake a contingent valuation study in three European
countries - France, UK and Italy". The central VSL recommended by the ExternE team is
E1.052 million (Weibull distribution with a mean value of E2.258 million).
Monetary valuation of mortality in the US greatly differs from Europe. VSL
varies because of social and cultural differences (e.g. in health insurance systems,
incomes...), but mostly because the methodologies are different. EPA's
recommendations are based on heavily peer-reviewed studies, but ExternE estimates rely
on an econometric analysis of more up-to-date studies ([Alberini et al., 2004]). Moreover,
21 of the 26 studies reported by Viscusi (1992) and used in EPA RIA's are wage-risk
studies that may not apply to the air pollution context:
"The applicability of these [wage-risk] results in the context of air pollution
is questionable - most obviously by the fact that the compensating wage
method estimates the value of a statistical life based on information about
the labour market, where old people are generally absent. Since older
people have fewer life-years remaining than young people, the
compensation received in labour market studies may overstate the value of
risk reductions to old people, for whom the risk of premature death
appears to be most relevant. The health condition of these two groups is
also likely to differ significantly. Additionally, the context is very different:
wage risk trade-offs are assumed to be voluntary whilst the air pollution
context is a more involuntary one. " ([European Commission, 2005]).
The same framework of CV study used by Alberini et al. in Europe (2004) was
previously used by Alberini et al. in Canada and the US (2002). Results of the latter study
provide VSL estimates for the US ranging from $700,000 to $1,540,000 for a risk
reduction of 5 in 1,000 and from 1,110,000 to 4,830,000 for a risk reduction of 1 in
1,000. These estimates are well below the ones used by the US EPA in its recent policy
analyses and more in line with the values chosen for Europe by the ExternE team.
Table 3: Summary of mortality valuation estimates
Study Type of estimate Value (Million 1990-US$)
Kneisner and Leeth (1991) (US) Labor Market 0.6
Smith and Gilbert (1984) Labor Market 0.7
Dillingham (1985) Labor Market 0.9
Butler (1983) Labor Market 1.1
Miller ang Guria (1994) Contingent Value 1.2
Moore and Viscusi (1988a) Labor Market 2.5
Study Type of estimate Value (Million 1990-USS)
Viscusi, Magat and Huber (1991b) Contingent Value 2.7
Gegax et al. (1985) Contingent Value 3.3
Marin and Psacharopoulos (1982) Labor Market 2.8
Kneisner and Leeth (1991) (Australia) Labor Market 3.3
Gerking, de Haan and Girard (1988) Contingent Value 3.4
Cousinea, Lacroix and Girard (1988) Labor Market 3.6
Jones-Lee (1989) Contingent Value 3.8
Dillingham (1985) Labor Market 3.9
Viscusi (1978, 1979) Labor Market 4.1
R.S. Smith (1976) Labor Market 4.6
V.K. Smith (1976) Labor Market 4.7
Olson (1981) Labor Market 5.2
Viscusi (1981) Labor Market 6.5
R.S. Smith (1974) Labor Market 7.2
Moore and Viscusi (1988a) Labor Market 7.3
Kneisner and Leeth (1991) (Japan) Labor Market 7.6
Herzog and Schlottman (1987) Labor Market 9.1
Leigh and Folson (1984) Labor Market 9.7
Leigh (1987) Labor Market 10.4
Gaten (1988) Labor Market 13.5
Kneisner and Leeth (1991) (US) Labor Market 0.6
2.3.3. Morbidity
European and US methodologies for the valuation of morbidity are different. The
ExternE methodology assumes that the total cost of a particular endpoint is the sum of the
COI and the WTP, acknowledging that this may result in overestimating some endpoints
for which the COI and WTP estimates overlap. In BenMAP, several unit values are
available for each endpoint (some being COI estimates and some derived from CV
studies) and the user is allowed to choose between or pool these values.
Morbidity endpoints valuation is highly country-specific. The COI and WTP for a
particular endpoint are highly dependent on health care systems and individuals'
incomes. For example in ExternE, the unit value used for a respiratory hospital admission
where the patient stays three days in hospital receiving treatment followed by five days at
home in bed is C2,000 (price in year 2000). This value is the sum of the cost of
hospitalization, the loss of productivity for 8 days and the WTP to avoid the event (based
on a CV study by Ready et al., 2004). In BenMAP, the lowest unit value available for a
RHA with a three days stay is $7,416 (in 2000 $). If we include the opportunity cost (loss
of productivity) the unit value for this RHA reaches $7,759. Moreover, ExternE adopts
this value for any HA, including cardiovascular, whereas the values available in BenMAP
for cardiac HA or about ten times higher, around $20,000.

Chapter 3
Air Pollution Impact Pathway in APMT
In this chapter, we propose a framework for the analysis of the health impacts
resulting from air pollution due to aircraft activity. This framework is integrated in the
APMT and takes advantage of upstream capabilities of the tool such as the Aviation
Environmental Design Tool (AEDT). The Air Quality module of the BV uses a reduced-
order model of air quality based on the intake fraction concept and focuses on the health
impacts from particulate matter. Currently, intake fractions coefficients are only available
for the United States. Work is on-going to improve the model and develop aviation
specific intake fraction coefficients worldwide. In this perspective, the analysis presented
here will provide useful information to determine high-priority pollutants and health
endpoints, to help frame the geographic scale and resolution of future analyses, and to
prioritize model improvements.
This chapter describes how the intake fraction concept is implemented within
APMT and combined with the health impact analysis framework presented in the
previous chapter. Uncertainty assessment of all inputs and parameters is an important part
of the modeling approach and is described further in this chapter. The last section
provides a justification of our current focus on particulate matter. Although ozone-related
health impacts are widely recognized, they are believed to represent only a few percent of
the total health impacts from aviation as further described in section 3.6. This is
also consistent with the relative health impacts from PM and ozone as reported for all
sources for the EU ([Watkiss et al., 2005]).
3.1. Module Architecture
The BV-LAQ architecture shown in Figure 4 is based on the generic framework
for health impact assessment presented in Figure 3 of the previous chapter. This
flowchart represents the overall methodology followed in this analysis. Aircraft
emissions inventories are computed upstream of the Benefits Valuation Block by the
Aircraft Emission Module of AEDT. These inventories are aggregated by county, an
administrative unit defined for the United States and often used as the geographic unit in
health impact assessment. County-specific intake fractions are applied to determine the
population exposure to aviation-related particulate matter. The generic risk assessment
framework described in the previous chapter and based on peer-reviewed concentration-
response functions and valuation approaches is used to estimate aviation health effects in
both health and monetary terms.
Figure 4: Architecture of the Air Quality module of the BVB
3.2. Generating emissions inventories
Emissions inventories used as inputs to the BVB are computed by the Aircraft
Emissions Module of AEDT. This module is based on the FAA System for Assessing
Global Emissions (SAGE, [FAA, 2005]). Using radar trajectories from the FAA
Enhanced Traffic Monitoring System (ETMS), as well as trajectories from the Official
Airline Guide (OAG), and aircraft performance information from the Eurocontrol Base of
Aircraft Data, SAGE estimates fuel burn and emissions inventories for primary PM, SOx,,
NOx at all modes during the flight: departure idle and taxi, take-off, climb-out, cruise,
descent, approach, landing and arrival taxi. In estimating the air quality impacts of
aircraft activity, we are only interested by the small fraction of the total mission
emissions to which population will be exposed. We consider that only emissions below
the mixing height, i.e. below 3,000 ft, will affect air pollution and public health while
recognizing that this may lead to a downward bias ([Tarras6n et al., 2004]).
The primary particulate matter estimates are derived by the First Order
Approximation (FOA) version 3 as described in Appendix D of [CAEP, 2006]. This
calculation accounts for both volatile and non-volatile PM. Volatile primary PM are
made of sulfur particulates as well as particulate organics, derivatives from unburned
hydrocarbon emissions. Lubrication oil emissions are also believed to influence the
formation of PM. However, no formal characterization of their role in PM formation has
been developed yet. Non-volatile particulates are also included in the PM estimates.
These inventories are estimated based on the well-established correlation between soot
mass emissions and Smoke Number.
3.3. Using the intake fraction for air quality modeling
3.3.1. The need for a reduced-order model
When it proposes a rule for air quality, the EPA follows the methodology
presented in Figure 3 and uses high-fidelity modeling tool to estimate the changes in
ambient concentrations related to the variation in emissions resulting from the rule
implementation. For the environmental analysis of the Locomotive and Marine Engine
rule, the EPA used the modeling tool CMAQ to simulate the effect of the proposed
controls on PM 2.5 and ozone ambient levels. These simulations are performed on a fine
geographic scale with 36km x 36 km grid cells and 20 vertical atmospheric layers. The
inputs necessary for such a simulation include hourly-gridded, speciated particulate
matter emissions and meteorological data. Creating those inputs and running the air
quality simulation is a very time-consuming process: one year of simulation for the
gridded domain over the United States takes about a week.
These runtimes are not compatible with an iterative assessment process where
many policy options have to be evaluated. Answering the need of CAEP, the APMT was
designed to allow policy-makers to assess different policy options in a short period of
time. The next section presents the reduced-order model used in the BVB.
3.3.2. Concept of an intake fraction
An intake fraction is a unitless measure characterizing the total population
exposure to a compound per unit emissions of that compound or its precursor ([Bennett et
al. 2002]). In spite of its simplicity, it allows for detailed exposure data from previous
dispersion modeling or monitoring studies to be quickly incorporated into risk
assessments, for the purpose of prioritization and future model refinement. In the event
that there are no non-linearities in the concentration-response function throughout the
range of background exposures, the product of emissions and intake fraction will be
linearly proportional to health risk. Particulate matter intake fractions have been well-
characterized in the literature, making this analysis amenable to the application of intake
fractions.
We derived our intake fractions from a study by Greco et al. (2007), which
estimated intake fractions from a source-receptor (S-R) matrix, which itself was derived
from the Climatological Regional Dispersion Model. This provides a simple and rapid
way to relate county-by-county ground-level emissions of primary PM2.5, SO2 and NOx to
nationwide population exposure to the three categories of PM 2 .5 considered in this
analysis: primary PM, secondary ammonium sulfate and secondary ammonium nitrate.
The relationship between emissions and exposure is given by the following equation:
P. x dC.iF = P 1dC x BR
Counties i j
where iFj is the national intake fraction (iF) from emissions Qj (in pg.day-1) in
county j, Pi the population impacted in county i, dCij (in pg.m-3) the change in ambient
PM 2.5 concentration in impacted county i. BR is a nominal population breathing rate (20
m3.day-'), which cancels out in the health risk calculation.
Figure 5 shows how the intake fraction coefficients are implemented in the BVB
and used to generate the inputs (the population exposure) necessary for the health impact
assessment.
AEDT inputs >
Figure 5: Implementation of the intake fraction coefficients in the BVB
These intake fraction coefficients were developed using the S-R matrix for ground
level mobile sources. They provide a simple relationship between emissions of primary
PM 2.5, SOx and NOx and exposure to primary and secondary particles. The secondary
PM 2.5 include ammonium sulfate (NH 4)2SO4 and ammonium nitrate NH4NO 3. Secondary
organic aerosols (SOA) are not included in the analysis. The underlying model assumes
that all sulfates created from SOx emissions are converted to ammonium sulfates while
the formation of ammonium nitrate is limited by the relative concentrations of nitrate and
ammonium remaining after the sulfate neutralization process.
3.4. Health impact analysis
3.4.1. Constraints imposed by the intake fraction model
Using the intake fraction coefficients as a reduced-order model for air quality
imposes some constraints relative to the health impact assessment. The concentration-
response functions that can be applied to the calculated population exposure have to
linear and without threshold. However, the changes in ambient concentrations due to
aviation are small and the error introduced by using linear CRF instead of log-linear
CRF are second order errors, not relevant for the purpose of prioritization and future
model refinement.
3.4.2. Concentration-response functions used
Professor Jonathan Levy at the Harvard School of Public Health (HSPH) provided
guidance relative to what CRF's should be used for the analysis presented in the next
chapters. This section describes the rationale for choosing the health endpoints and
associated CRF's presented in Table 5.
Our analysis of health impacts from PM includes the health endpoints which have
been shown to have the largest contribution to the total monetized health effects ([US
EPA, 2007]): premature mortality (in adults and infants), chronic bronchitis, hospital
admissions for both respiratory and cardiovascular admissions. Two other endpoints
commonly used in regulatory impact analyses were included: emergency room visits for
asthma and minor restricted activity days (MRADs).
Premature mortality
Pope and Dockery (2006) recently reviewed and documented the available
estimates of dose-response functions for premature mortality due to long-term exposure
to PM 2.5. Out of the studies presented in their review, the Harvard Six Cities Study and
the American Cancer Society study provide the most generalizable estimates. Both of
these studies were large, long-term cohort studies, in which a population was enrolled
and followed for a number of years to determine the association between mortality risks
and air pollution. The Harvard Six Cities Study was based in six cities in the eastern US
(Watertown, MA; Kingston and Harriman, TN; St. Louis, MO; Steubenville, OH;
Portage, Wyocena, and Pardeeville, WI; and Topeka, KS), while the ACS study was
based in all 50 states, the District of Columbia, and Puerto Rico. The Harvard Six Cities
Study yields estimates on the order of a 1.3% to 1.6% increase in premature mortality per
Pg/m3 increase of long-term PM2.5. The ACS study generally yields somewhat lower
estimates, on the order of 0.6% or 0.7%, which has been attributed to multiple factors,
including the fact that the population was generally of higher socioeconomic status and
education than in the Harvard Six Cities Study (and than in the US population at large),
as well as the fact that air pollution data were gathered retrospectively from central site
monitors rather than prospectively in community-specific monitors. This latter fact would
tend to increase exposure misclassification and result in downwardly biased estimates.
This was illustrated in a recent publication ([Jerrett et al., 2005]), in which more refined
exposure estimates were derived for the ACS cohort using geographic information
systems, resulting in an estimate of 1.7%, nearly triple the original estimate.
Thus, the estimates from the relevant literature range from 0.6% to 1.7% increases
in mortality per ig/m3 of long-term PM2.5, with the lower values likely biased
downward due to exposure misclassification in the ACS study. We would therefore
consider a value of a 1% increase in mortality per gg/m3 of long-term PM2.5 to
reasonably represent the current knowledge base, and use this value as our best estimate.
Infant mortality
Our primary estimate for infant mortality is derived from three epidemiological
studies, one cross-sectional ([Woodruff et al., 1997]) and two cohort ([Woodruff et al.,
2006], [Ritz et al., 2006]), all of which yield central estimates of an approximate 0.7%
increase in all-cause infant mortality per pg/m3 of PM2.5. To characterize uncertainty,
we pool the three studies using inverse-variance weighted meta-analysis, and find a 95%
confidence interval of (0.4%, 1%). We use a normal distribution to represent this
confidence interval around the 0.7% best estimate.
Chronic bronchitis
For chronic bronchitis, the US EPA commonly uses the CRF derived by Abbey et
al. (1995) in its regulatory impact analyses ([US EPA, 2007]). In this prospective cohort
study, Abbey et al. found a 1.3% increase in chronic bronchitis incidence per pg/m3
increase of PM 2.5. Few other studies are available to estimate the CRF for this endpoint.
The only other study that provides a generalizable value is a cross-sectional study by
Schwartz (1993). This study focused on all individuals living in 53 urban areas across the
US, versus non-smoking Seventh Day Adventists living in California. Converting the
total suspended particles concentration to PM2.5 following standard concentration ratios,
the Schwartz et al. study provides an estimate of 2% increase in CB per [tg/m 3 increase
of PM2.5.
Based on these two studies we use a best estimate of 1.5% increase in CB per
[tg/m 3 increase of PM2.5 with a triangular distribution between 1.3% and 2%.
Hospital admissions
For respiratory hospital admissions (RHA), our estimate is drawn from an
inverse-variance weighted meta-analysis of the published literature. The central estimate
from this meta-analysis is a 0.2% increase in RHA per [ig/m 3 of PM2.5, with a 95%
confidence interval of (0.14%, 0.29%). Our estimate of cardiovascular hospital
admissions (CHA) is drawn from a recent meta-analysis ([COMEAP, 2006]), which
reported a 0.9% increase in CHA per 10 [Ig/m 3 of PMo10 (95% CI: 0.7%, 1.0%). As the
literature in this case is sufficient to rely solely on estimates from the US, we re-run the
meta-analysis with the restricted set. After converting to PM2.5, the result is a 0.16%
increase in CHA per Rg/m3 of PM 2.5 (95% CI: 0.14%, 0.19%).
Emergency room visits for asthma
Levy et al. (1999) conducted a meta-analysis of the literature on effect of fine
particulate matter on emergency room visits among asthmatic individuals. Based on
current work by Levy, an updated meta-analysis including more recent studies provided a
best estimate of 0.8% increase in asthma-related emergency room visits per [g/m3
increase of PM 2.5. Pooling different subsets of studies provides estimates that range from
0.6% to 1.6% increase in emergency room visits for asthma.
Minor restricted activity days
For minor restricted activity days, only one study ([Ostro and Rothschild, 1989])
provides a concentration-response function. Using inverse-variance weighting on six
individual year estimates implies a central estimate of a 0.7% increase per [tg/m 3 of PM 2 .5
(95% CI: 0.6%, 0.9%).
3.4.3. Population and baseline incidence data
The intake fraction coefficients derived by Greco et al. are based on 2007
population data. Population growth data is coded in the model to account for changes in
population in retrospective or prospective analyses. For the United States, data was
available from the Census Bureau database 3. Forecast for yearly national population
growth by age group is reported in Table 4.
Table 4: Yearly national population growth factor by age group
Age Group 2000 to 2010 2010 to 2020 2020 to 2030 2030 to 2040 2040 to 2050
All 1.0% 0.9% 0.8% 0.8% 0.7%
0-4 1.1% 0.7% 0.6% 0.8% 0.7%
5-19 0.1% 0.7% 0.7% 0.6% 0.8%
20-44 0.0% 0.4% 0.6% 0.6% 0.8%
45-64 3.0% 0.3% -0.2% 0.8% 0.5%
65-84 1.1% 3.9% 3.1% 0.5% 0.2%
85+ 4.3% 1.9% 3.2% 6.0% 3.5%
3 Projections available at: http://www.census.gov/ipc/www/usinterimproj/
The U.S. Centers for Disease Control (CDC) online database of health statistics,
CDC Wonder, provided most of the baseline incidence data for this analysis. All-cause
mortality rates by age group reported in the CDC Wonder were used as baseline
incidence for the premature mortality in adults and infant mortality concentration-
response functions.
For the new cases of chronic bronchitis, we used the incidence rates used by the
US EPA in its regulatory impact analyses. As described in the BenMAP methodology
([Abt Associates, 2005]), they are derived from the studies by Abbey et al. (1993, 1995)
which provide an annual incidence rate per 100 people of 0.378 once corrected to include
reversal rate.
National hospitalization rate for all respiratory and all cardiovascular hospital
admissions are reported in the BenMAP document. They were derived from the National
Hospital Discharge Survey (NHDS).
Emergency room visits baseline rates were reported by region (Northeast,
Midwest, West and South) by Abt Associates (2005). The model estimates nationally
aggregated health impacts of aviation. Therefore, we used population data from the 2000
Census to derive population-weighted averages of these regional rates, applicable to our
analysis.
The baseline incidence rates for minor restricted activity days were derived from
Ostro and Rothschild study (1989) who reported a daily incidence rate of 0.02137 per
person.
3.4.4. Valuation Methods
We used the concept of a Value of a Statistical Life (VSL) to monetize the cases
of premature mortality associated with aviation PM pollution as recommended by the US
EPA in its most recent air quality policy analyses ([US EPA, 2007]). The VSL is
characterized by a normal distribution centered on $5.5 million with the 95% CI between
$1 and $10 million.
Viscusi et al. (1991) provided a distribution for the WTP to avoid a case of severe
chronic bronchitis (i.e. a chronic bronchitis with severity level 13). The Appendix H of
the BenMAP description document presents a methodology to derive the distribution of
the WTP to avoid any case of chronic bronchitis based on the relationship:
WTP = WTP13 -e - 1 '(13- x )
In this relationship, WTP 13 has the distribution derived by Viscusi et al. (1991).
The severity level x is modeled by a triangular distribution between 1.0 and 12.0 and
centered at 6.5. The coefficient 03 is normally distributed with mean 0.18 and standard
deviation 0.0669. All values of the WTP were updated to 2000$.
The Cost-Of-Illness (COI) estimate of $15,647 for Respiratory Hospital
Admissions was taken from the BenMAP description document.
Data from the Agency for Healthcare Research and Quality4 provided the estimate
of the COI for Cardiovascular Hospital Admissions (ICD codes 390 - 429). The COI is
estimated to be $18,387.
Based on the analysis in the BenMAP description document, we used the average
of the COI estimates reported by Smith et al. (1997) and Stanford et al. (1999) for the
emergency room visits for asthma: $286.
From the study by Tolley et al. (1986), we estimated a WTP to avoid a MRAD of
$52 (in 2000$).
The valuation methods for premature mortality, chronic bronchitis, and minor
restricted activity days represent Willingness to Pay (WTP), whereas the values of a
statistical incidence for the other endpoints are based on cost of illness (COI) studies. As
noted elsewhere ([Ostro et al., 2006]), we recognize that COI estimates likely reflect a
lower bound, as they do not incorporate issues such as pain and suffering that are
implicitly embedded in WTP estimates. Limited evidence ([Chestnut et al., 1988],
[Dickie and Gerking, 2002]) indicates that WTP could be more than double the COI. For
hospital admissions and emergency room visits, we therefore characterize uncertainty as
done within Ostro et al., placing a 25% probability on a value double the COI. For minor
restricted activity days, we consider estimates of $20 and $75, each with a probability of
25%, to allow for the possibility that symptoms are less and more severe than those in the
original WTP study.
4 Data for year 2000 available at www.ahrq.gov
Table 5: Concentration - response functions and valuation methods for health impact analysis
Risk increaseRiskincraseValue of a StatisticalPM - related endpoints In % per pg.m "3 PM2 .s Valu e of a Statistical
(Distribution - 95%CI) Incidence
Premature mortality: 1.0
Long-term exposure (adults age 30+) (Triangular: 0.6 - 1.7) Normal distribution
Mean value = $5.5 million
Long-term exposure (infants age < 1 yr) 0.7 95% CI between $1 and $10M
(Triangular: 0.4 - 1)
Mean = 0.34M US2000$
Chronic bronchitis 1.5 Distribution derived as
Chronic bronchitis (Triangular: 1.3 - 2.0) described by Abt Associates,
2005.
0.2 Discrete distribution
Hospital admissions - respiratory (Triangular: 0.14 - 0.29) $15,647 (75%)
(Triangular: 0.14 - 0.29)$3,9(2% $31,294 (25%)
0.16 Discrete distributionHospital admissions - cardiovascular (Triangular: 0.14 - 0.19) $18,387 (75%)(Triangular: 0.14 - 0.19)$1,8(7% $36,774 (25%)
Discrete distribution
Emergency room visits for asthma 0.8 $286 (75%)
(Triangular: 0.6 - 1.6) $572(25%)
Discrete distribution
0.7 $20 (25%)
Minor Restricted Activity Days 0.7 $20(25%)(Triangular: 0.6 - 0.9) $52 (50%)
$75 (25%)
3.5. Uncertainty analysis
3.5.1. Monte-Carlo Analysis
One of the most important and challenging tasks in developing the APMT is to
correctly characterize and propagate uncertainty throughout the tool. Many parameters
and input carry uncertainty, both parametric as well as non-parametric (modeling
assumptions...), which impact the statistical distribution of the final output in a way that
may affect the policy-maker decisions.
Uncertainty analysis was carried out using Monte-Carlo simulations. This
capability is built into the module. Therefore, any run of the air quality of the BVB
provides distributions for the output metrics based on the uncertainty defined by the user
for the inputs and parameters.
Some of the model inputs and parameters carry large uncertainties. As will be
discussed in the next chapters, this translates into large confidence intervals. However,
this does not prevent from using the model outputs for policy-making. If several policy
options are investigated, the uncertainty surrounding the estimates of the health impacts
of aviation in any scenario can be large. However, most of the sources of uncertainty on
the inputs and parameters are common between the scenarios e.g. if primary PM2.5
estimates are overestimated by 20% in one scenario, this will be the case in any other
scenario. Figure 6 presents the "paired Monte-Carlo" simulations as implemented in
APMT. In the paired simulation, common random inputs and parameters are generated
upfront and used for every scenario. The variance of the policy effect, i.e the difference in
health impacts between the baseline and the policy, is smaller when common sources of
uncertainty are accounted for.
Separated random draws Paired MC simulation
Baseline Input Policy Input Baseline Input Policy Input
variables yl variables y2 variables yl vanriables v2
AA A
__ _Random
Policy Effect
Baseline - Policy
is Large varian Small varian
Figure 6: Separated draws vs. Paired Monte-Carlo simulation. In the paired simulation the same
draw from the random variable X is used to reflect the common source of uncertainty between policy
and baseline.
3.5.2. Uncertainty characterization for the emissions inventories
At the interface between AEDT/SAGE and the Benefits Valuation Block, we need to
specify the form of the uncertainty to apply to the emissions inventories. In lieu of more
rigorous estimates that will be developed via the on-going AEDT formal assessment
effort, this section describes the rationale for interim assumptions made to characterize
fleet average uncertainty on fuel burn and other emissions (NO,, SOx, CO, HC and
particulate matter). As such, these should be considered as preliminary estimates of
uncertainty. They were made using information that was readily available, in advance of
completing the formal APMT/AEDT assessment. We expect that these estimates will
change.
Fuel Burn for the full mission
The easiest AEDT/SAGE output to characterize is the full-mission fuel burn.
Assessment and validation of the model provide information to estimate the uncertainty
based both on parametric uncertainty analysis ([Lee, 2005]) and comparison to airline
operations data ([Kim et al., 2007]). The mean shifts reported here refer to the fleet
average of the SAGE deterministic output minus the real (or mean of simulated with
Monte-Carlo) value. A negative value means that using deterministic SAGE output
would underestimate emissions.
Lee (2005) provides results for Monte-Carlo simulations accounting for
uncertainties in the SAGE model parameters. For simulations based on ETMS data (radar
tracks), he reported a -3.9% mean shift (i.e. the variation between the nominal SAGE
output and the mean from the Monte-Carlo simulation). For simulations based on OAG
flight trajectories, he reported a -5.1% mean shift. He found that "OAG flights would
have a larger bias due to the additional uncertainty in cruise altitude, which is estimated
to cause a mean shift of- 1.0%". Kim et al. compared SAGE emissions inventories to two
sets of airline operations data. 59,627 ETMS flights were compared to fuel burn data
from a major US airline. They reported a mean error of -2.67% + 0.11% (for the 95%
Confidence Interval). This result can be extrapolated to OAG-based SAGE estimates
using findings from Lee (2005): for OAG trajectories, the mean error would be expected
to be one point larger i.e. about -3.6%. We focus on the results for OAG-based
trajectories because this is more typical of the use of SAGE within APMT-where
estimates are made for future year schedules (versus the development of inventories for
past years where the radar track information is known for many flights).
Kim et al. also compared OAG-based flight trajectories to a set of 19,888
Japanese airline flights and reported a mean error of 0.42% ± 0.30% (95% CI). Like the
comparison to the US airline data, this estimate of the mean shift is obtained with high
certainty. However, the differences from the Monte-Carlo simulation or the comparison
to the US airline data may come from the fact that these 20,000 flights are not
representative of the global fleet.
Overall, we have three estimates of mean shift in the fleet average for full-mission
fuel burn for OAG-based flight trajectories: -5.1%, -3.6% and 0.42%. For our preliminary
estimates, we assume that the uncertainties in the SAGE parameters used for Monte-
Carlo simulation are a good representation of the variability within the fleet and therefore
a mean shift of -4% is a good approximation of our best estimate for the mean shift.
However, we recognize that some additional uncertainty and error (e.g. idle throttle
setting, use of ICAO times in mode - TIM - etc...) might not have been included in this
Monte-Carlo simulation. Therefore, based on these three estimates, we represent the
mean shift by a uniform distribution between -9% and +1%.
Fuel burn for the Landing and Takeoff (LTO) cycle
For the fuel burn below 3,000 ft, Kim et al. (2007) do not provide comparison to
data. Lee's analysis (2005) accounts for specific uncertainty sources that will affect
emissions and fuel burn during the landing and takeoff (LTO) cycle: ambient
temperature, winds aloft, aerodynamic drag, engine fuel consumption, takeoff weight,
rate of climb/descent and speed, takeoff throttle setting. Using specified distributions for
these key uncertainties, the Monte-Carlo analysis suggests a mean shift of -1.8% i.e.
SAGE deterministic outputs underestimate the real fuel burn by 1.8%.
In some cases, policy-makers may choose to assume ICAO LTO Times-In-Mode
(TIM) in place of the TIM based on aircraft performance. The study by Fleuti and
Polymeris (2004) suggests that the assumption of ICAO strongly impacts the results of
LTO fuel burn estimates. Fuel burn data monitored at Zurich Airport (ZRH) for 9 aircraft
types ranging from A319 to A340-300 and including the B757 and B767 were compared
to estimates based on ICAO TIM. The overall fleet averaged results show that using the
ICAO TIM leads to overestimating fuel flow by 38% and NOx emissions by 31%.
For cases where the SAGE inventories rely on the ICAO TIM assumption, we
aggregate the results from Lee (2005) and Fleuti and Polymeris (2004) analyses and
obtain a best estimate of the mean shift of 36% for the LTO fuel burn. We acknowledge
that because of non-linearities in the model, summing the two mean shifts may produce a
biased estimate of the mean shift. Moreover, LTO cycle fuel burn estimates used in the
Benefits Valuation Block are not globally aggregated and are considered on an airport-
by-airport basis. Comparison to Japanese airline data has shown that the bias introduce by
having a non-representative sample can be large. For fuel burn inventories below 3,000
feet, we therefore assume ±10% uncertainty around our best estimate (36%).
In summary, we represent the mean shift for LTO fuel burn by a uniform
distribution between -12% and 8% when TIM are estimated based on aircraft
performance. When SAGE assumes ICAO TIM, we use a uniform distribution between
26% and 46%.
Full mission NO,, emissions
For the full-mission emissions, there is no comparison to data available. The only
estimates available come from [Lee, 2005]. The Monte-Carlo analysis includes
uncertainty on the same parameters as for fuel burn (dispersion track for OAG flights,
cruise altitude, ambient temperature at cruise, winds aloft, aerodynamic drag, engine fuel
consumption and take off weight) but also include uncertainties in emission indices (El)
for NOx. Lee reported estimated mean shifts of -8.2% for NOx. This value is used as our
best estimates of fleet average mean shifts in emissions.
As there are no other estimates available and the parameters not accounted for in
the fuel burn analysis will also affect the bias in emissions, the uncertainty on these
values needs to be at least as large as for fuel burn (±5%). Therefore we assume
uncertainty bounds to be ±10% which provides a uniform mean shift distribution for NOx
between -18% and +2%.
LTO NO, emissions
For the emissions below mixing height (3,000 feet) there is no comparison to data
available and the only comparison comes from the Monte-Carlo simulation that includes
distribution for the emission indices. Lee reported estimated mean shifts of -3.1%.
Fleuti and Polymeris reported a 31% mean shift in NOx emissions estimates due
to the assumptions of ICAO TIM. For cases where the SAGE inventories rely on the
ICAO TIM assumption, we aggregate the results from Lee and Fleuti and Polymeris to
obtain a best mean shift estimate of 28%. This estimate may be biased due to model non-
linearities. Additionally, regional variability in airport fleet composition as well as other
sources of uncertainty (e.g. throttle settings) will affect our estimate. Therefore, we add a
+20% uncertainty around our best estimate.
In summary, the mean shift on LTO NOx is represented by a uniform distribution
between -23.1% and 16.9% when the TIM are based on aircraft performance and we use
a uniform distribution between 8% and 48% when ICAO TIM are assumed.
Unburned hydrocarbons and carbon monoxides
For the emissions below the mixing height (3,000 feet) there is no comparison to
data available and the only comparison comes from the Monte-Carlo simulation that
includes distributions for the emission indices. Lee reported estimated mean shifts of -
1.9% and -3.4% for HC and CO. Fleuti and Polymeris found that idle/taxi mode
measured in operational data was 43% smaller than the ICAO TIM, and approach time
was 10% higher. Based on this analysis, we estimate that using ICAO TIM will
overestimate HC and CO emissions by about 40%. For reasons similar as for LTO fuel
burn and NOx, this estimate may be biased and we need to define the uncertainty around
it. Incomplete combustion of fuel and formation of unburned hydrocarbon and carbon
monoxide are very sensitive to power setting near idle, therefore variability on idle
throttle setting is expected to have a significant impact on HC and CO inventories. This
high sensitivity of HC and CO emissions to power setting as well as airport-to-airport
variability in both fleet and traffic conditions advocates for large uncertainty bounds. We
estimate a +30% uncertainty around the best estimate for HC and CO.
In summary, we represent the mean shift in LTO HC by a uniform distribution
between -32% and 28% for TIM based on aircraft performance and by a uniform
distribution between 10% and 70% when ICAO TIM are assumed.
Similarly, we represent the mean shift in LTO CO by a uniform distribution
between -33% and 27% for TIM based on aircraft performance and by a uniform
distribution between 10% and 70% when ICAO TIM are assumed.
Uncertainty on SOx
Sulfur oxides emissions are a linear function of fuel bum. The FAA AEDT/SAGE
Aircraft Emission Module assumes that SO2 mass and fuel burn are linked by the
following equation:
mso, [gram] = 0.8 x Fuel Bumrn[kg]
This equation implicitly assumes a Fuel Sulfur Content of 400 ppmm (parts per
million by mass). This FSC value is a good estimate for the global average. However,
FSC of kerosene can vary depending on the fuel batch and the geographical source. In the
special report on aviation ([IPCC, 1999]), the Intergovernmental Panel on Climate
Change compared average FSC value for different years in the UK and the US (Figure 7)
and also provided data describing the distribution of sulfur content for jet fuel in 1996 in
the UK (Figure 8).
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Figure 7: Past trend in Fuel Sulfur Content in the US and UK
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Figure 8: Fuel Sulfur Content distribution in aviation fuel in the UK (1996)
Updated data on sulfur content for commercial aviation fuels in the United States
is sparse. However, the Defense Energy Support Center (DESC) publishes yearly
Petroleum Quality Information System (PQIS) reports on military fuels characteristics.
2005 data on JP8 fuel sulfur content was obtained and used to derive the FSC distribution
presented in Figure 9.
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Figure 9: FSC distribution for JP8 in 2005 (raw data obtained from DESC)
According to the Chevron report on aviation fuels ([Chevron, 2006]), military JP8
and commercial aviation Jet A-1 are very similar fuels. They mainly differ by the use of
additives which do not affect the FSC. Similarly Jet A, the commercial aviation fuel used
in the United States, is similar to Jet A-1 except for its freezing point specification which
does not affect FSC. Therefore, we can use FSC distributions for JP8 and Jet A-1 to
characterize Jet A. Comparing the data reported in the 1999 IPCC report and the fuel
sulfur content distributions for JP8 reported in the yearly PQIS 1999 to 2005 documents,
suggests that the distribution shape shown in Figure 9 does not vary significantly across
years or geographical areas. However, the mean value of this distribution may shift as
shown in Figure 7 and Figure 10.
Typical mean FSC values were found to lie between 400ppm and 800ppm. The
distribution from Figure 9 has a mean value of 720ppm. A uniformly distributed mean
shift is applied on top of the distribution from Figure 9 to reflect this variability in
geographical source and refining methods.
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Figure 10: Sulfur Total (mass %) 5-Year Trend - Weighted Mean (from PQIS, 2006)
The equation relating SO 2 mass and fuel burn in SAGE can be written as follows:
mso0 2 [gram] = (32 / 64)' x FSC x Fuel Burn[kg]
The ratio 32/64 corresponds to the proportion (in mass) of sulfur in one molecule
of SO2 . Combining the uncertainty on LTO fuel burn (uniform distribution between
+26% and +46% for ICAO TIM and uniform distribution between -12% and 8%
otherwise) with the previously described variability on FSC, we can estimate the
uncertainty on SO2 emissions
Uncertainty on PM 2.s emissions
As previously stated, particulate matter inventories are estimated based on the
third version of the First Order Approximation method (FOA3) described in Appendix D
of the CAEP report on Airport Air Quality ([CAEP, 2006]). Based on equation [5] of
Appendix D, parametric uncertainty on Fuel Sulfur Content and fuel burn (equation [5]
provides an El that needs to be multiplied by fuel burn to provide emission estimates)
will propagate onto the volatile sulfates estimates. Similarly, as shown by equation [6],
any uncertainty on hydrocarbon estimates will be propagated onto organic particulate
estimates. Therefore the bias in SOx (+26% to 46% with ICAO TIM, -12% to 8%
otherwise) and HC emissions (+10% to +70% with ICAO TIM, -33% to 27% otherwise)
will most likely translate into a bias in volatile PM emissions of the same order of
magnitude (i.e. 40% ± 40% with ICAO TIM, -3% ± 40% otherwise). FOA3 also provides
best estimates for the non-volatile PM emissions. As shown by equations [9] to [12],
uncertainties on the Smoke Number (SN), the air-to-fuel Ratio (AFR), the bypass ratio
(B) will affect the uncertainty on the calculated El for non-volatile particulate matter.
However, these sources of variability are related to the parametric sources of uncertainty
on fuel burn (throttle settings, engine fuel consumption...) which were shown to induce a
bias on fuel burn that is small in comparison to the major source of uncertainty (i.e. using
ICAO TIM). The non-volatile PM inventories are derived by multiplying the calculated
El by the fuel burn. Therefore, we expect that the uncertainty and bias in the fuel burn
estimate due the assumption of using ICAO TIM will dominate the uncertainty and bias
in non-volatile emissions when this assumption is made. Based on the Fleuti and
Polymeris (2004) study, we estimated a fleet average bias in fuel burn of 36% + 10% for
cases with ICAO TIM and -2% ± 10% otherwise. Due to the additional uncertainties
previously mentioned, we will estimate a parametric bias in non-volatile PM of 40% +
20% when ICAO TIM are assumed and -2% + 20% otherwise.
This provides insight regarding the parametric uncertainty propagation for PM.
Additional uncertainty comes from the modeling assumptions. PM modeling is an active
area of research and the current modeling method may be biased. Uncertainty on PM
estimates will therefore be larger than the uncertainty on fuel burn, SOx or hydrocarbon
alone. Based on the parametric biases estimated for each type of primary PM (volatile
and non-volatile), our best estimate for the mean shift in PM emissions is 40% when
ICAO TIM are assumes and -3% otherwise. Acknowledging the high uncertainty both on
the science itself and the parametric shift for each type of primary PM, we estimate a
factor of 2 uncertainty on top of this best estimate of the mean shift.
Summary of SAGE emissions uncertainty characterization
Table 6 summarizes our recommendation for the characterization of the mean
shift to apply to the deterministic SAGE output for LTO emissions. This mean. shift is
expressed as a multiplicative factor that will be multiplied with the deterministic SAGE
inventories to estimate the real emissions.
Table 6: Uncertainty coefficients reflecting the bias in LTO SAGE emissions inventories
NO, SOx Primary PM
Multiplicators
applied to the 0.92 to 1.12
SAGE output (Uniform)
assuming 0.83 to 1.23 0.52 to 2.06
ICAO based 03o FSC distribution from (Uniform)
on aircraft (Uniform) Figure 9 plus uniform
performance shift between 400 to
800ppm.
(Distribution)
Multiplicators 0.54 to 0.74
applied to the (Uniform)
SAGE output 0.52 to 0.92 0.30 to 1.20
assuming (Uniform) FSC distribution from (Uniform)
ICAO TIM Figure 9 plus uniform
shift between 400 to
(Distribution) 800ppm.
3.5.3. Uncertainty on the intake fraction coefficients
While the structure of the source-receptor matrix underlying the intake fraction
values in Greco et al. does not readily allow for parametric sensitivity analysis, we can
approximate model uncertainty through comparison with previous studies using other
models. First, we compared iF values based on the S-R matrix for power plants with
values derived using CALPUFF in four previous studies ([Levy et al., 2002a], [Levy et
al., 2002b], [Levy and Spengler, 2002] and [Levy et al., 2003]). Across these 22 power
plants, the median ratio (S-R matrix divided by CALPUFF) was 0.8 for primary PM
(range: 0.4-1.6), 1.0 for secondary sulfate (range: 0.5-1.4), and 0.12 for secondary nitrate
(range: 0.01-0.45). Previous work ([Levy et al., 2003]) demonstrated that some of the
secondary nitrate differences were attributable to insufficient ammonia limitation within
CALPUFF, which would tend to increase iF values. Comparisons in Greco et al. (2007)
for mobile sources found the ratios between S-R matrix and other models for primary PM
ranging from 0.2 to 1, although with the smaller ratios found for studies using
microenvironmental rather than ambient data (which will tend to increase the iF).
Comparing to the one previous study yielding secondary sulfate and nitrate iFs, values
using S-R matrix were approximately 3-10 times higher, although previous studies have
provided evidence that this comparison study may have underestimated secondary intake
fractions. While it is impossible to determine precise quantitative confidence intervals
from these data, we approximate uncertainty around the national average iF by
considering our primary PM and secondary sulfate estimates to be accurate within +/-
50%, with a factor of 3 uncertainty for secondary nitrate (with triangular distributions
used for all). Of note, there are likely biases in utilizing these iF values for aircraft, given
that a portion of emissions will be during takeoff and landing, but there was no means to
formally incorporate this factor into these first estimates.
3.6. Justification of the focus on PM2.s
While other species may contribute to the adverse health impacts of aviation
pollution, the framework presented here only accounts for PM 2.5-related impacts. As
described before (section 2.1.2), there is little evidence that NO2 has directs health
impacts and this species is often regulated as a surrogate for PM and ozone. This justifies
our approach in which direct NO2 effects are not included. However, ozone clearly
contributes to health impacts which may result in a bias of our estimates. In order to
quantify this bias, we used results from an air quality simulation performed in the context
of a parallel project. In collaboration with Professors Adel Hanna and Saravanan
Arunachalam at the University of North Carolina, CMAQ was used to simulate the
impacts of aviation emissions on ozone levels for the ozone season 2002 i.e. the four
months between May and August. Using aviation emissions data from the Regional
Planning Organizations, two sets of simulations were done. The first one (baseline)
included emissions inventories from all sources. The second one (sensitivity case)
included emissions inventories from all sources minus aviation. Taking the difference
between the outputs from both scenarios provided an estimate of the impact of aviation
emissions on ambient pollutant concentrations for both PM2.5 and ozone on a map with
36km x 36km grid cells (Figure 11). At a regional scale, we observe that removing
aviation emissions leads to ozone benefits i.e. a decrease in ozone levels. However, near
the urban centers where airports are located, removing aviation emissions can result in up
to 10% increase in ozone levels. As these urban areas are the places with the highest
population density, the ozone disbenefits could lead to reduced health impacts from
ozone. Using BenMAP and a concentration-response function for 0 3-related acute
mortality from Bell et al. (2005), we found a mean reduction of 49 cases in acute
mortality from ozone, with a 95% confidence interval ranging from a reduction of 3 to 95
deaths. Figure 12 and Figure 13 show the repartition of these mortality cases on the US
map. The values on these maps represent the number of deaths in the baseline case minus
the number of deaths in the sensitivity (no aviation). Figure 12 represents the areas where
removing aviation leads to a net augmentation in ozone mortality (the blue counties
correspond to places with a net reduction). These areas concentrate on the large urban
centers (Northeast, Chicago, California, and Northwest). Figure 13 shows the places
where removing aviation leads to a net reduction in ozone mortality.
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Figure 11: Difference from sensitivity (no aviation) to baseline: removing aviation emissions leads to
ozone benefits at regional scales, but detriments near some urban cores.
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Figure 12: Counties where removing aviation emissions result in a net increase in ozone mortality.
The population density and the large increase in ozone in those areas outweighs the net decrease
presented in Figure 13 and leads to benefits in ozone mortality on a national scale.
03, May - August 2002
Figure 13: Counties where removing aviation emissions result in a net decrease in ozone mortality.
There are more counties with a net decrease in ozone mortality due to removing aviation emissions.
However, the population density is low in these areas and the variation in ozone small (Figure 11)
The same CMAQ simulations were used to estimate the effect of aviation on
PM 2 5-related health impacts. Using BenMAP and a concentration-response function from
Pope et al.5 (2002), we estimated the mean aviation PM 2.5 impact to be 670 premature
The CRF used had a log-linear form with 12gg.m- threshold a and coefficient 0=0.73% increase per .g.m 3
deaths. This number should not be considered as representative of the real aviation PM
impacts as the analysis is based on flawed emissions inventories and the annual impacts
are calculated based on the annual mean PM 2.5 extrapolated from only four months of
data. However, it shows that under the same set of assumptions, ozone impacts are small
compared to PM impacts. The reduction of 48 deaths from ozone only represents 7% of
the PM2.5-related premature mortality.
To strengthen our approach and give more credibility to the assumption of not
considering ozone, we reviewed some literature regarding air quality analyses. In the
Clean Air Interstate Rule ([US EPA, 2004b]), the US EPA included morbidity endpoints
for ozone and found that they represent a small fraction of the health impacts of pollution.
For example, out of 6,380,100 MRAD, only 280,000 are attributable to ozone (i.e. 4.4%).
From the data reported in Table 4-16 and 4-17 of the report on the rule benefits, we
calculated that ozone morbidity amounted to $51.7 million when PM morbidity reached
$1,500 million.
However, this analysis did not account for the ozone-related acute mortality. An
estimate of the total health costs from ozone (including mortality) was obtained from the
Clean Air for Europe Baseline Analysis [Watkiss et al., 2005]. For the baseline scenario
in 2000, Watkiss et al. found a high estimate of ozone impacts on morbidity and mortality
of C8.81 billion whereas the low estimate of PM impacts on morbidity and mortality
represented £168.5 billion. The ratio of this high estimate for ozone and low estimate for
PM provides an upper bound of the ozone contribution of 5.2%. This confirms the small
impacts of ozone compared to PM and justifies our focus on aviation PM 2.5.

Chapter 4
Air Quality Impacts of Current Aircraft Emissions Activity
This section describes the results obtained for aviation PM impacts on air quality
by the application of the intake fraction concept. Geographical patterns and relative
contribution of different particulate species are investigated and discussed. The error
analysis based on an Analysis Of Variance (ANOVA) allows quantifying the main effects
of each factor contributing to the output uncertainty. Then, the results obtained with the
iF-based BVB module are compared to high-fidelity simulations using CMAQ and
BenMAP. Based on these analyses, we provide recommendations for future work and
model improvements. The last section of this chapter puts the aviation results in context
of public health risk assessments for other sources of pollution.
4.1. Impacts of aviation PM on air quality for 2005
4.1.1. Relative contribution of different types of PM and geographical
patterns
AEDT/SAGE provided emissions inventories of primary PM, NO, and SOx for
the year 2005. These inventories were used to estimate the nationwide health impacts of
particulates. In total, SAGE estimated that aircraft from 2571 selected airports in the
continental US emitted approximately 600 tons of primary PM 2.5, 2,700 tons of SO2, and
56,000 tons of NOx in 2005. Using the mean shifts characterized in section 3.5.2, the best
estimates for the 2005 emissions used by the BV - Air Quality were in fact 620 tons of
primary PM, 4,100 tons of SO2 and 58,000 tons of NOx.
The emissions-weighted average intake fractions across these airports are 6.9
parts per million (ppm) for primary PM2.5, 1.4 ppm for secondary sulfate from SO2, 0.28
ppm for secondary nitrate from NOx, and -0.3 ppm for secondary nitrate from SO2
(related to the bounceback effect, wherein ammonium will preferentially react with
sulfate over nitrate). Comparing these emissions weighted average iF coefficients need to
The average intake fraction which do not account for emissions are 1.6 ppm for primary
PM2.5, 0.7 ppm for secondary sulfate from SO2, 0.1ppm for secondary nitrates from NOx
and -0.09 ppm for the bounceback effect. These data provide an indication of the
potential importance of and NOx as the nitrogen oxides emissions are about two orders of
magnitude larger than primary PM emissions and 14 larger than the SOx emissions.
Table 7 presents the total (primary and secondary) PM impact from aviation.
Table 7: US nationwide health impact of aviation-related PM
PM - related endpoints
Premature mortality:
Long-term exposure (adults age 30+)
Long-term exposure (infants age < 1 yr)
Chronic bronchitis
Hospital admissions - respiratory
Hospital admissions - cardiovascular
Emergency room visits for asthma
Minor Restricted Activity Days
Health impacts
In cases per year
(95% Cl6)
310
(120-610)
2.1
(0.8 - 4.0)
130
(50-230)
90
(40 - 170)
90
(40 - 160)
210
(90-420)
125,000
(54,000 - 220,000)
TOTAL DAMAGES
Monetized impacts
In Millions US2000$
(95% CI)
1,700
(250 - 4,300)
11
(2-29)
45
(4-200)
1.8
(0.6 - 4.3)
2.1
(0.8 - 5.1)
0.08
(0.03- 0.20)
6.1
(1.4-14)
1,700 M US2000$
(250 - 4,300)
As shown in Figure 14, premature mortality in adults clearly dominates the total
damages in monetary terms. This result is common to the reviewed literature on air
quality impact pathway analyses ([US EPA, 1999], [US EPA, 2007]).
6 CI: Confidence Interval. The 95% interval is defined by the values such as the cumulative distribution at
these points is 2.5% and 97.5%.
Infant mortality Rest
$0.011 billion - $0.055 billion
Figure 14: Mortality endpoints dominate the total health costs. Premature mortality in adults
accounts for 96% of the total monetary value.
Table 8 presents the relative contribution of each type of particulates to total
damages, along with national average marginal damage functions for the three emitted
species.
Table 8: Relative importance of primary particulate matter, secondary
secondary ammonium nitrate
ammonium sulfate, and
Primary PM2. Secondary Sulfate Secondary Nitrate(SOx emissions) (NOx emissions)
Contribution to healthd 230 450 1,100
damages in M (15%)' (23%) (62%)US2000$ per year
Marginal damages inMarginal damages in 520,000 83,000 21,000$ per ton emitted(95%$ per ton emitted (100,000- 1,140,000) (14,000- 189,000) (3,000- 54,000)
(95% CI)_ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _
Values represent mean health damages and mean proportion of total damages, which will not be directly
proportional due to non-linear uncertainty propagation
The calculation of the health damages of each type of particulate matter includes
the "bounceback effect", in which emissions of SO2 result in a decrease in secondary
nitrate formation, given the preferential reaction of ammonium with sulfate over nitrate.
For the calculation of the health impacts of each type of PM, this bounceback effect
needs to be allocated to the secondary nitrates as the bounceback effect leads to a
reduction of the exposure to secondary nitrates. However, this reduction is due to the
emissions of SOx. Therefore, the bounceback effect is allocated to SOx, emissions in the
calculation of the marginal damages.
Ammonium nitrate derived from NOx emissions dominates the health effects by
contributing to 62% of the total damages on average. This higher contribution is due in
large part to higher emissions, as NOx emissions are more than an order of magnitude
greater than primary PM or SO2 emissions. Figure 15 summarizes how the different
levels of emissions for each particulate and precursors affect the total contribution of
primary and secondary PM2.5 to the health impacts.
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Figure 15: Contribution of different particulates to the health costs: interaction of the emissions and
unit damages.
However, this is a national-scale assessment, and the relative priorities among
compounds could differ greatly for any individual airport. For example, secondary
ammonium nitrate intake fractions are lower in the northeast US (Greco et al., 2007),
given high sulfate levels, low ammonia levels, and the fact that the plumes often travel
toward the Atlantic Ocean. For airports in this region, the relative importance of primary
PM and secondary ammonium sulfate is greater as shown in Figure 16.
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Figure 16: Ranking of the largest contributor to the health impacts by county
Secondary nitrates were the largest contributor to health impacts on average. Out
of the 2571 airports considered in the continental US, 60% of them had health effects
dominated by the secondary nitrates. 40% of airports were dominated by other pollutants
(3% primary PM, 37% secondary sulfate). The airports where primary PM dominated
tended to be in coastal regions (brown areas on the map) with high population density,
where the time for secondary formation implies that primary PM intake fractions greatly
exceed secondary PM intake fractions. Secondary sulfate was most significant in non-
urban areas of the northeastern US (blue areas on the map), where nitrate formation is
limited and primary PM intake fractions are not greatly elevated.
When we consider in more detail the geographical variability in health costs, we
see that a large part of the impacts is due to a very small number of airports. The mean
value of the health effects was derived on an airport-by-airport basis. This showed that
out of the 2571 airports included in the analysis, the top 25 contributors represented 80%
of the total health costs. Table 9 shows that emissions at the top 4 airports contributed to
30% of the total nationwide health impacts whereas the only accounted for 11% of the
total number of operations and 16% of the fuelburn. For these 4 airports, nitrates strongly
dominated the health effects, except for LAX airport which is located in the non-
attainment Los Angeles South Cost Air Basin.
Table 9: Contribution of the top 4 airports and relative importance of different types of PM. The
most important contributor is highlighted for each airport.
Percentage of ContributionAirport centage of Contribution Primary PM Sulfates Nitrates
Ptotal to nationwide ....oirations althose contribution contribution contribution
operations health costs
Chicago O'Hare 3.8% 11% 9% 15% 76%
Los Angeles 2.3% 8% 23% 89% -12%1
San Francisco 1.3% 6% 9% 18% 73%
Atlanta 3.7% 5% 9% 14% 77%
Negative value for nitrates contribution occur when SOx,, emissions from airport activity translate into a
reduction in ambient nitrates due to the bounceback effect
4.1.2. Discussion of the results
These results allow us to determine the high-priority issues to address in future
analyses; whereas primary particulate matter has the highest marginal damages per ton
emitted, damages from secondary particulate matter dominate the health impacts from
aircraft activity both nationally and for a majority of individual airports. Of the secondary
particulate matter, ammonium nitrate seems to dominate ammonium sulfate, with mean
damages about a factor of three higher and greater damages at 60% of airports. Therefore,
attention should be focused on improving the modeling capabilities for secondary nitrate
when estimating the nationwide health impact of aviation pollution in the United States.
Although it is difficult to formally validate our impact estimates, we can compare
damages per ton with estimates from other studies to show that the relative magnitude of
the results is consistent with those of other studies. Although no study allowed a direct
comparison, a ExternE methodology-based study by Spadaro and Rabl (2001) estimated
mobile source damages per ton in urban areas of Europe of 2 million euros (in 1995
euros) for primary PM (160,000 for highway travel), 12,000 euros for secondary sulfate,
and 20,000 for secondary nitrate. Converting to 2000 US dollars, this corresponds to
approximately $3,000,000 per ton of primary PM in urban areas ($230,000 for highway
emissions), $17,000 per ton of SO2 for secondary sulfate, and $28,000 per ton of NOx for
secondary nitrate. Figure 17 presents the urban and highway vehicles derived from
Spadaro and Rabl (2001) as well as the marginal damages calculated for aviation.
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Figure 17: Comparison of our aviation marginal damage estimates with the Spadaro and Rabl (2001)
urban and highway vehicles damages estimates.
Our value for primary PM is between the urban and highway values, which is
consistent with the relative positioning of many airports (although there are many other
sources for differences between this study and ours). Our value for secondary nitrate is
slightly lower and for secondary sulfate is higher, which could be related in part to
differences in atmospheric conditions between Europe and the US (for example the
particularly high value of the marginal costs for SOx, in Southern California drives the
national value upward), as well as possible downward bias in the S-R matrix outputs for
secondary nitrate (and to methodological differences between the studies). This
comparison is far from confirmatory, but our conclusion about the significance of
secondary ammonium nitrate would be supported under these alternative externality
values.
Another comparison can help to elucidate the differences between aircraft and
highway vehicle emissions, from a relative emissions and geographic location
perspective. To do so, we applied our model to EPA Tier-I highway vehicle emissions in
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the United States, using the 2002 US EPA National Emission Inventory to determine
county-by-county emissions. The results of this analysis are summarized in Table 10.
Table 10: Comparative emissions, total contribution and marginal costs of different particulates for
aviation and EPA Tier-1 highway vehicles.
Relative contribution to Sulfur Oxides Nitrogen Oxides
health impact by particulate Primary PM2.5  (SO) (NOx)
type
Aviation 0.62 4.1 58a n Aviation
- (1.0%) (6.5%) (92.5%)
* NEI Tier-1 148 255 8,050
& - Highway vehicles (2%) (3%) (95%)
SAviation 0.23 0.45 1.1S Av ation
me (15%) (23%) (62%)
COD
NEI Tier-1 45.0 13.5 109
m Highway vehicles (27%) (8%) (65%)
M
• Aviation 520,000 83,000 21,000U
rA
" NEI Tier-1
S Highway vehicles 309,000 54,000 14,000SHighway vehicles
We observe that the marginal damage estimates for aviation are higher than for
EPA/NEI Tier-1 highway vehicles by approximately 50% to 70%. This is based on the
geographical distribution of emissions in the country. Since airports are generally located
in more densely populated areas, we expect to find higher marginal damages for aircraft
particulate matter and precursor emissions (under the presumption that the same intake
fractions are applicable for both source categories). This comparative analysis of highway
vehicles and aircraft pollution also outlines the relatively greater importance of secondary
particulate matter in the case of aircraft (85% vs. 73%), based largely on the higher
relative emissions of primary PM for highway vehicles. This strengthens our former
conclusion that future analyses of aircraft pollution impacts should focus on improving
the modeling methods for secondary particulate matter, and especially ammonium nitrate.
The estimates described above represent a first attempt at estimating impacts of
aircraft pollution on public health and provide insights regarding high-priority emissions
and issues to focus on for future analyses. Although we present the results with a measure
of the parametric uncertainty (and some limited model uncertainty), we acknowledge that
some significant uncertainties remain. For example, the intake fraction coefficients used
in this analysis were developed for ground-level mobile sources. At this point, it is not
clear whether these values are applicable to aircraft emissions that are altitude-specific.
Current research is focused on deriving similar intake fraction estimates for aircraft and
providing intake fraction coefficients with better geographic resolution in the underlying
models, which may better describe population exposure. Furthermore, the intake fraction
coefficients are derived from a source-receptor matrix that may be downwardly biased for
secondary nitrate estimates. That being said, our findings indicated that secondary
ammonium nitrate dominates the risk estimates, so any upward correction to the nitrate
intake fraction would only increase its significance, and the assumption that all emissions
are at ground level would tend to enhance the importance of primary PM, further
reinforcing the significance of secondary formation in a more refined analysis.
There are other assumptions and limitations in the modeling approach. We only
have considered primary PM and secondary ammonium nitrate and sulfate, although
other forms of PM like secondary organic aerosols may impact the health damage
estimate. Also, potential differential toxicity of the different particle types was not
accounted for; the same linear concentration-response functions without threshold were
assumed for all types of PM. In particular, the evidentiary base is more limited for
secondary ammonium nitrate, which dominates our risk estimate. Moreover, the size
distribution and composition of primary particulate matter from aircraft and on-road
vehicles might differ.
4.2. Error analysis (ANOVA)
As discussed before, the analysis relied on Monte-Carlo simulations. Whenever
possible, inputs and parameter uncertainty has been parametrically characterized.
Understanding the propagation of uncertainty throughout the model is crucial in order to
provide policy-makers with useful information. The final results are given with
uncertainty bounds that are large and we ought to map the source of this variability and
determine the contribution of each input and parameter. Figure 18 shows how the
uncertainty propagates through the different steps of the impact pathway analysis.
To determine the contribution of each input and parameter to the final output
variability, an Analysis Of Variance (ANOVA) based on a linear regression model was
used. Although the results of this analysis may be biased as cross-term interactions are
neglected, the ANOVA is a standard method to determine the main effects. The results of
the ANOVA are presented in Table 11.
Table 11: Results of the Analysis of Variance.
Number of deaths Health costs
Parameters Contrib to Var. Prob > F Contrib to Var. Prob > F
Primary PM 1.3% 0.0000 0.8% 0.0000
inventories
SOx inventories 21% 0.0000 11% 0.0000
NOx inventories 3.6% 0.0000 1.7% 0.0000
iF primary PM 0.4% 0.0000 0.2% 0.0000
iF sulfate 1.6% 0.0000 0.8% 0.0000
iF nitrate 45% 0.0000 23% 0.0000
iF bounceback 0.3% 0.0000 0.1% 0.0000
effect
We successively considered two metrics for this ANOVA: the number of deaths
and the health costs. Studying the number of deaths allows for determining the
propagation of uncertainty without the additional interference of the valuation process
which adds to the variability. This analysis showed that the non-monetary metric
uncertainty is driven primarily by the uncertainty on the intake fraction coefficients for
secondary nitrates from NOx as well as the uncertainty around the CRF for premature
mortality and the SOx emissions inventories (coming both from the SAGE bias - 1% -
and the variability in fuel sulfur content - 99%). Moving forward along the impact
pathway, we found that the uncertainty in the value of a statistical life (mean value of
$5.5 million and 95% CI ranging from $1 to $10 million) dominates the variability in
health cost. Uncertainties in iF for nitrates, CRF for premature mortality and SOx,
inventories explains the rest of the variability.
The ANOVA results confirm our previous conclusion. Among the parameters
contributing to the output uncertainty, the only one for which variability can be reduced
by improving the modeling approach is the intake fraction for secondary nitrates. The
variability in the other inputs and parameters is whether a physical constraint (e.g. the
variability in Fuel Sulfur Content is measured and cannot be reduced by model
improvements) or the state of the science does not allow for a narrower uncertainty
characterization (the ranges for the premature mortality CRF or the VSL were derived
from statistical analyses based on a range of chosen studies which are equally trustable).
Future model improvements should therefore focus on better characterizing the secondary
nitrates chemistry and dispersion patterns and reducing the uncertainty on the intake
fraction coefficients.
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Figure 18: Propagation of uncertainty through the successive steps of the impact pathway analysis.
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4.3. Comparison with high-fidelity simulations
To validate our modeling approach, we compared it to a high-fidelity simulation.
As mentioned in 3.6, air quality simulations from CMAQ were performed to estimate the
impact of aviation on air pollution. The EPA's Regional Program Office inventories used
as input were showed to be strongly biased and the absolute values derived from this
simulation should not be considered as a definite answer. However, these inventories
were used as input to the intake fraction model to allow a common-basis comparison of
the high-order simulation and the model presented in this thesis.
The RPO inventories provided airport emissions of sulfur oxides, nitrogen oxides
and primary PM2 .5 by county. Nationwide, the 2002 RPO aviation inventories were 7,300
tons for SOx,, 82,000 tons for NOx and 5800 tons PM 2 .5. Changes in ambient PM 2.5
concentrations were calculated on a 36 km x 36 km grid cell basis by CMAQ and the
changes in concentration were used as input to CMAQ. Using a CRF for premature
mortality derived from a study by Pope et al. (2002), we found a mean value of 670
premature deaths related to PM-aviation pollution with a 95% confidence interval
ranging from 270 to 1090 premature deaths. The simulation with the intake fraction-
based model using the same inputs (inventories and CRF) provided an estimate of 470
premature deaths with a 95% confidence interval ranging from 320 to 660 premature
deaths.
There are several reasons to the downward bias we observe using the iF-based
model compared to the high fidelity simulation CMAQ-BenMAP. With the RPO
inventories, the iF-model shows that impacts from secondary nitrates represent 40% of
the total impacts. This contribution is smaller than for the SAGE inventories but is still
significant. As pointed out earlier, the underlying S-R matrix has a downward bias for
secondary nitrate. This explains the downward bias in the 190 premature deaths from
secondary nitrates exposure.
Moreover, the higher relative contribution of primary PM (49%) due to the
overestimate of emissions by the RPO inventories intensifies the downward bias from the
iF-model. As CMAQ has a better geographic resolution than the S-R matrix (36 km x 36
km grid cells vs. county level iF coefficients), we expect a more accurate representation
of the short-range effects of primary PM emissions on the near-by high density
population centers. Therefore, the health impacts calculated with the CMAQ-BenMAP
simulation are higher than the iF-based method. However, for more realistic emissions
inventories with a ratio of primary PM on NOx closer to the SAGE value (about 1/100
compared to about 1/14 for RPO inventories), we expect the downward bias to be
reduced.
The last source of downward bias that we identified is that the iF-based model
does not account for some secondary particulate matter other than ammonium nitrates
and sulfates. For example, aviation emissions of unburned hydrocarbon may lead to
formation of secondary organic aerosols (SOA) that are accounted for by CMAQ and
may contribute to an increase of the aviation health effects.
4.4.Recommendation for improvements
The previous comparison of the iF-based model to a high-fidelity simulation
showed that the mean results differ by about 30% with overlapping confidence intervals.
The downward bias introduced by the intake fraction coefficients is explained by the
structure of the underlying Source Receptor matrix as well as the overrepresentation of
primary PM in the RPO inventories and the finer geographic resolution of CMAQ
compared to the S-R matrix. Also, we have seen that the iF-based results may be biased
because of the assumptions of ground-level emissions and the application of intake
fraction coefficients originally developed for ground level mobile sources.
To address these issues, current research is focusing on using CMAQ to perform
simulations of air quality using altitude specific emissions profiles at airports. The goal is
to derive an S-R matrix and intake fraction coefficients that will account for the
specificity of aviation emissions patterns (altitude, geographic location...). Using the
high-fidelity tool CMAQ will allow us to more accurately describe secondary nitrates
exposure and better characterize the uncertainty in exposure assessment. Moreover, the
new S-R matrix will use the CMAQ grid cell as geographic unit, therefore allowing for a
finer spatial resolution and a better representation of the short-range primary PM impacts.
Another major caveat that this RSM development effort will address is the restricted
focus on the United States. Informing policy-makers in international bodies such as
CAEP requires us to provide information on a global basis.
4.5. Aviation in context
Finally, it is important to put the health impacts of aviation in context of other
sources of pollution. Even though air quality issues related to aviation pollution are
receiving increasing attention for policy-making, health impacts from aviation still
represent a very small fraction of the total health impacts due air pollution from all
anthropogenic activities.
The application of the BV- Air Quality module to the 2002 NEI inventories for
highway vehicles provides a first basis of comparison. This simulation provided an
estimate of 26,500 premature deaths for year 2002. The health impacts calculated using
the SAGE inventories represent only 1.2% of these. Moreover, the health costs from all
anthropogenic activities are likely to be much higher. We could not find any reference
providing a reliable estimate of the health impacts from all sources of pollution in the
United States. The application of the intake fraction method would suggest an estimate on
the order of 350,000 premature deaths but the uncertainties associated with using mobile
sources intake fraction coefficients to all sources of pollution are very large. Another
estimate of the total health impacts from PM can be derived by scaling the results for
Europe reported by Watkiss et al. (2005) in the Clean Air for Europe study. For the
baseline year 2000, the study reported 350,000 premature deaths from chronic exposure
to PM for a baseline population of 450 million people. This is equivalent to 780 deaths
per million population in the EU25. Applying this unit damage to the US provides an
estimate of the total heath impact from air pollution of 240,000 deaths (for a 300 million
people population). The pie chart in Figure 19 graphically demonstrates the small
contribution of aviation to the total health impacts from anthropogenic pollution.
Figure 19: Health impacts of aviation in context of other anthropogenic sources of pollution.
The health impacts of aviation also need to be put in context of the total pollutant
emissions from aircraft compared to other sources. Aviation is often cited as an important
source of pollution. The comparison of historical data from the United Nations
Convention on Climate Change (UNFCCC) to published SAGE inventories shows that
aviation in 2004 in the United States was responsible for 210 Tg of CO 2 emissions
(which are directly related to fuelburn) out of the total 6,064 Tg of CO 2 released in the
atmosphere from all sources of pollution. This represents about 3.5% of the emissions of
CO 2 in the United States. Similarly, the European study on Constrained Scenarios for
Aviation Emissions ([CONSAVE, 2005]), shows that the share of civil aviation in NOx
emissions is on the order of 2% worldwide. However, looking at the share of aviation in
total anthropogenic pollution gives a biased view on the contribution of aviation to air
quality problems as most of the emissions take place during the cruise mode, above the
mixing height and far from the population centers.
Consequently the health impacts from aviation only represent about 1/1000 of the
total impacts of air pollution in the US. The question of the evolution of the share of
aviation-related health impact in the future is discussed in the next chapter.
7Data downloaded from UNFCCC website: http://unfccc.int/
Data available at: http://www.faa.gov/about/office org/headquarters offices/aep/models/sage/media/FAA-
EE-2005-02b SAGE-Inventory AppendixB.pdf
Nay vehicles PM = 26,500/year
Aviation PM = 310/year

Chapter 5
Future Trends in Air Quality Impacts of Aviation
This chapter focuses on the future trends of the health impacts related to aviation
particulates and precursors emissions. Based on a baseline forecast for future aviation
growth, we evaluate the impacts of the changes in fleet mix on the emissions inventories.
The trends in the health impacts from aviation are presented and put in the context of
other sources of pollution. The impact of alternative growth scenarios is investigated in
the last section of this chapter.
5.1.Trends in aviation health impacts for the 2005 - 2020 period
5.1.1. FESG growth scenario
The ICAO/CAEP Forecast and Economic Sub-Group (FESG) is in charge of
developing traffic and fleet forecasts for prospective policy analyses within CAEP. The
FESG recently reviewed the forecasting methodology and presented updated growth
previsions to the CAEP members ([FESG, 2004], [FESG, 2006]). Table 12 presents the
summary forecasts used for the CAEP/6 analysis and implemented within APMT. The
forecasts are in fact generated at the route group level (e.g. growth within the
international traffic between North America and South America or growth for the North
American domestic market).
The FESG also developed aircraft retirement curves. Those curves were
developed based on historical data and provide a relationship between the aircraft age and
its survival rate. Retirement curves are available by aircraft type. For the simulations
presented here, the Environmental Design Space was not exercised. Retiring aircraft can
only be replaced by currently existing airframe-engine combination (e.g. a DC-10 would
replaced by a Boeing 777). Moreover, some assumptions used in these simulations are
known to be out-of-date and are being revisited (for example, some retiring aircraft are
replaced by a Boeing 757 which is now out-of-production). Therefore, some of the
benefits that will occur due to technology improvements might not be captured in the
results presented in this thesis. However, this should not be regarded as a limitation of the
APMT tool but was imposed by time constraints for this work.
Table 12: Summary of the FESG CAEP/6 traffic forecasts for the period 2000-2020 (from [FESG,
2004]). Annual growth rate in %.
2000-2005 2006-2010 2011-2015 2016-2020
SInternational 2.6 6.3 5.6 5.1
SDomestic 1.7 4.1 4.0 4.0
STotal 2.2 5.4 5.0 4.7
2000 - 2020
SInternational 4.9
-Domestic 3.5
STotal 4.3
5.1.2. Emissions inventories
Using the aforementioned traffic and fleet forecast developed by FESG, the Flight
and Operations Module (FOM) from APMT to generate schedules for the 2005-2020
period. These schedules were input to the AEDT to generate LTO emissions inventories
for the airports in the United States.
Using the same uncertainty characterization as described in section 3.5.2, we
obtained the best estimate of the emissions inventories for primary PM, SOx, and NOx
presented in Figure 20.
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Figure 20: Future trends in particulate and precursors emissions
Growth of the aviation market translates into an increase in the yearly emissions
of particulates and precursors. To reflect the future evolution of the fleet mix, it is also
helpful to look at how the fleet-average Emission Indices (EI) evolve. Figure 21 shows
the trends in EI's as a percentage growth compared to the baseline (2005) values. The
relationship between fuelburn and SOx emissions is a constant in the Aircraft Emission
Module of the AEDT. Therefore, the growth for EIsox is zero. However, the changes in
fleet mix affect the El for primary PM and NOx. Between 2005 and 2020, the model
predicts that the emission indices for PM and NOx increase by 9.7% and 4.5%
respectively. This is caused by the retirement of old aircraft and the replacement by new
and more fuel efficient engines. In particular for NOx, there is a tradeoff between fuel
efficiency and NOx emissions. Therefore the current push in technology for more fuel-
efficient aircraft translates into an increasing fleet average EINox. For primary PM, the
EIsox is constant and therefore, the El for sulfate volatile PM should be constant. The
increase in emission index has to be related with increased El for unburned hydrocarbon
and/or an increase in Smoke Number (related to soot emissions). There are no clear
reasons why the HC should increase as the fleet incorporates more fuel efficient aircraft.
Higher combustion temperatures would on contrary advocate for lower HC emissions.
Similarly, it is unclear why more fuel-efficient engines would have generally higher
Smoke Number. Recent measurements from the APEX study have shown that for some
engines, higher throttle settings correlate with higher soot emissions ([Holve and
Chapman, 2005]) but this is not generalizable to the entire fleet as shown by the trends in
SN in the ICAO Aircraft Engine Emissions Databank 9. Soot production is a complex
process and the reasons for the observed trends in the emission index are unclear.
In summary, the emission indices for primary PM and NOx increase over time due
to changes in fleet mix. Therefore, in the absence of changes in technology, we expect a
larger contribution of NOx and primary PM compared to SOx in terms of health impacts
in the future. The next section studies in more details the future trends in health impacts.
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Figure 21: Growth of Emissions Indices relative to baseline (2005) values
9 The ICAO Aircraft Engine Emissions Databank is available at:
http://www.caa.co.uk/default.aspx?catid=702&pagetype=90&pageid=3825
5.1.3. Health impacts of aviation over the 2005-2020 period
Health impacts over the 2005-2020 period were estimated using the iF-based BV-
Air Quality model described earlier. Using a 5% discount rate, we estimated a Net
Present Value of the health costs of $28 billion with a 95% confidence interval ranging
from $5 to $68 billion.
The Net Present Value is a useful metric to compare different policy options.
However, the current discussion is more interested on determining the trends and
contributions of different species rather than estimating the absolute costs in the future.
Figure 22 shows how the contributions to total costs of primary PM, secondary nitrates
and secondary sulfates evolve over time.
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Figure 22: Trends in the contribution of diffent particulate species to the total health costs.
The contributions of each particulate species to the total health impacts are fairly
constant. The growth in fleet average emission index for primary PM only leads to a
slight increase in the primary PM contribution to health costs (from 14.5% in 2005 to
15.2% in 2020) that compensates the slight decrease in secondary sulfate contribution
(from 23.5% to 22.8%). This is an important factor to consider both from the modeling
-Contribution of secondary nitrates
-Contribution of primary PM
-Contribution of secondary sulfates
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and policy making perspectives. The prioritized model improvements suggested in
Chapter 4 are valid for future scenarios: secondary nitrates will remain the most
important contributors to the health impacts of aviation. Therefore, it is important that the
future work on developing aviation-specific Response Surface Models for particulate
matter focus on better characterizing the intake fraction parameters for secondary nitrates.
5.1.4. Trends and alternative aviation growth scenarios
The trends described in the previous section were derived for the baseline FESG
growth scenario. However, projecting aviation activity in the future is an uncertain
process: unforeseeable events such as the 9/11 terrorist attacks or large fuel price
variations can affect the projected growth. Many uncertain factors will affect the growth
of aviation: air traffic growth has been shown to correlate with GDP growth for example.
The European CONSAVE study describes in detail the different factors that need to be
included in the development of a forecast ([CONSAVE, 2005]). To reflect this
uncertainty, we studied two plausible alternative scenarios with growth rate respectively
half and double the FESG forecast. The trends in yearly impacts of aviation in terms of
premature mortality for the three scenarios are presented in Figure 23. This plot shows
how the uncertainty in the projected demand will affect the BV-Air Quality model
outcome. For the three scenarios (half, baseline and double FESG forecasted emissions
inventories), the number of aviation PM-related premature mortality cases in 2020 are
respectively 485, 670 and 1180 deaths. This source of uncertainty, which has not been
taken into account in the results presented in the previous sections, is in fact one of the
dominant sources of uncertainty. The scenario approach taken in this analysis is the
appropriate way of accounting for aviation growth uncertainty whereas for variability in
parameters such as CRF, Monte-Carlo simulation is appropriate.
An analysis similar to Figure 22 shows that in both alternative scenarios, the
contribution of primary PM, secondary sulfates and secondary nitrates are also constant
over time. Therefore, independent of the growth scenario considered, policies focusing on
one particular pathway (primary PM, secondary sulfates or nitrates impacts) should have
the same relative effect.
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Figure 23: Evolution of the yearly cases of premature mortality under alternative aviation growth
scenarios.
5.2.Evolution of aviation impacts relative to other sources
As a final analysis, it is important to put aviation in context of other sources of
pollution in the future. The CONSAVE study (2005) provides data to estimate how the
share of aviation in total emissions evolves. If we consider nitrogen oxides which remain
the largest contributor to aviation health impacts in the future, the CONSAVE study
projects that the share of civil aviation in NOx emissions will range from 2.31% to 1.31%
depending on the considered scenario (i.e. from the Unlimited Sky scenario with "very
high increase" in air traffic to the Down to Earth scenario with a decrease in air transport
supply and demand). This share needs to be compared to the current value: the
CONSAVE study estimated that aviation in 2000 contributed to 2.12% of the worldwide
NOx emissions. Based on these emission values, the contribution of aviation to air
quality-related health impact relative to other sources of pollution is likely to stay fairly
constant.
However, many policies and regulations for other sources of pollution are being
put in place. For example, the US EPA is setting up regulations for ultra low sulfur diesel
fuels. Aviation is not targeted by this rule yet and therefore, the relative contribution of
aviation to total health impacts from anthropogenic pollution will increase. Similarly, the
Clean Air for Europe has been shown to reduce the total number of premature deaths
from air pollution by 77,000 deaths between 2000 and 2020 ([Watkiss et al., 2005]) when
our simulations shows that the total number of deaths from aviation will increase. But
this increase in aviation contribution remains marginal: for the EU25, Watkiss et al.
found that pollution will cause 293,000 premature deaths in 2020. Even in a "very high
increase" in air traffic supply and demand ([CONSAVE, 2005]), the total impact from
aviation in the US will be of 1,200 premature deaths in 2020. Therefore, although the air
quality issues related to aviation are receiving growing attention from policy-makers,
aviation contribution to air quality-related health impact relative to other sources of
pollution is likely to stay minimal compared to the contribution of aviation to the total
emissions.
Conclusion
The work presented in this thesis allowed us to determine a first estimate of the
air quality impacts of aviation pollution. Based on a reduced-order model suited for
iterative policy-making processes, our simulations allowed us to determine high-priority
pollutants and to frame the required geographic resolution for future analyses. The first
part of this conclusion summarizes the main findings of this work. The second part
focuses on the recommendations for future work.
6.1. Summary of the results
The air quality modeling was based on the intake fraction concept. For the United
States, Greco et al. (2007) provided a simplified relationship between county-by-county
emissions inventories and nationwide exposure to pollutants. The subsequent health
impact analysis was based on the review of the current best practices for air quality
policy-making in Europe and the US.
The health impacts from aviation were shown to be largely attributable to
particulate matter compared to other air pollutants such as ozone. Using emissions
inventories from the Federal Aviation Administration tool AEDT/SAGE, we estimated
that primary PM, secondary sulfates and secondary nitrates were correlated with 310
premature deaths in the United States in 2005. Monte-Carlo simulations were used to
represent the parametric uncertainty in inputs and parameters, as well as the model
uncertainty when possible. Uncertainty propagation provided a 95% confidence interval
ranging from 120 to 610 deaths for the 2005 health impacts of aviation. Using peer-
reviewed methodology for impacts monetization, we found a monetary value of these
impacts of $1.7 billion with a 95% CI ranging from $0.25 to 4.3 billion. Premature
mortality was found to be the primary driver of the health costs.
Secondary nitrates exposure accounted for 62% of the health costs whereas
primary PM and secondary sulfates exposure only represented 15% and 23% of the
health costs respectively. The geographic patterns of aviation health impacts were also
investigated. Local air composition strongly influenced the relative contribution of the
different PM species. Primary PM and secondary sulfate were found to have a relatively
larger influence on the Northeast region. Additionally, we found that the largest part of
the nationwide health effects was due to very localized sources of emissions. The top 25
airports contributed to more than 80% of the total health costs and emissions at the top 4
airports (Chicago O'Hare, Los Angeles International, San Francisco and Atlanta) were
responsible for 30% of the total costs.
To determine the contribution of each input and parameter to the overall
uncertainty, an error analysis based on an ANOVA was performed. Although this method
does not provide a full characterization of the contribution to uncertainty due to model
non-linearities, it was used to derive an estimate of the main effect for each factor.
Uncertainty in the intake fraction coefficient for secondary nitrates was found to be the
largest contributor to the variance in the estimate of the number of deaths. The
concentration-response function for premature mortality and the variability in SOx,
emissions were the other major sources of variability. Applying this method to the
monetary output showed that the uncertainty in the Value of a Statistical Life was the
other major contributor to the output variance.
Our reduced-order model simulations were compared to high-fidelity simulations
using CMAQ and BenMAP. The results showed overlapping confidence intervals with a
30% downward bias for the reduced-order model. This was explained by the downward
bias in secondary nitrates exposure calculated with the intake fraction coefficients as well
as the higher geographic resolution of CMAQ that allowed better representation of the
short-range impacts of primary PM.
The health impacts of aviation were then put in context of other sources of
pollution. Comparisons to available data in the US and Europe showed that even tough
aviation accounts for a few percent of the total anthropogenic emissions, it is only
responsible for a small fraction (about 1/1000) of the total pollution-related health
impacts.
Finally, we used the Aviation environmental Portfolio Management Tool (APMT)
capabilities to generate future scenarios of aviation and study the trends in the air quality
impacts. We showed that under no changes in the regulatory framework (for example no
enforcement of ultra low sulfur fuel for aviation), the contribution of the different species
of PM will not change significantly. The secondary nitrates contribution will remain
close to 62% independent of the growth scenario considered. For the three alternative
growth scenarios studied (half of the FESG forecast, baseline FESG forecast and double
of the FESG forecast), the model predicted 485, 670 and 1,180 premature deaths in 2020
respectively. This suggested that the uncertainty in the aviation growth is a major driver
of the output variability. Also, based on data for future reduction of air pollution in
Europe, this showed that even if the share of aviation in the total emissions will grow, the
contribution to the air quality health impacts will remain small.
6.2.Recommendation for future work
The results presented in this thesis rely on the intake fraction concept. The iF
coefficients currently used in the Air Quality module of the Benefits Valuation Block
were derived by Greco et al. (2007) from a Source-Receptor matrix designed for ground-
level mobile sources. Despite certain limitations such as the downward bias in secondary
nitrates estimates or the assumption of ground level emissions, this model allowed us to
determine the patterns of air quality impacts of aviation in terms of pollutant importance
and geographical patterns. This allowed us to define work avenues for future research:
* Reduced-order models such as the Source-Receptor matrix and the iF
coefficients are appropriate for developing tools designed to inform
iterative policy-making processes. Future research should focus on
developing an S-R matrix that accounts for the specific patterns of
aviation emissions (localization, altitude dependency).
* This new S-R matrix should focus on improving the characterization of
exposure to secondary nitrates, which dominate the health costs in the
United States.
* In order to more accurately represent the short-range effects of primary
PM exposure, future-reduced order model capabilities should have a
better resolution than the current database of iF coefficients defined on a
county-by-county basis. As the development of the Response Surface
Model (i.e. the S-R matrix) will rely on CMAQ, we suggest using the 36
km by 36 km grid cell as the unit geographical area.
* It is also desirable to include more pollutants in the health impact
analysis. The results presented in this thesis may be downwardly biased
due to the exclusion of ozone and additional types of particulates such as
secondary organic aerosols.
* Finally, answering the need of international policy-making bodies such as
the ICAO/CAEP requires expanding the capabilities to other regions of
the world.
From a long-term research perspective, the specificity of primary PM from
aircraft should also be investigated: accounting for the differential toxicity of various
particle constituents will help better characterize the impacts of aviation particulates on
human health.
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